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INTRODUCTION 
Alfalfa (Medicaqo sativa L.), often referred to as "the 
queen of the forage crops," is one of the most important for­
age species in North America (Goplen et al., 1980; Hanson and 
Barnes, 1972; Wedin, 1978). High yields of forage of excel­
lent nutritional quality are among its outstanding attributes. 
Alfalfa has the potential to yield more protein per hectare per 
season (1,200 to 3,000 kg) than any other known crop. The 
alfalfa plant also accumulates nitrogen (N) in roots and 
crowns, this N later being available to subsequent crops in a 
rotation. 
With the energy crisis beginning in 1973 and the resul­
tant rise in N fertilizer costs, the importance of legumes as 
an N source for nonlegumes in crop rotations is once again 
attracting attention. Although alfalfa is frequently used in 
this manner, little is known whether cultivar or cutting 
schedule affect plant N accumulation. The effects of managing 
alfalfa for favorable characteristics in the above-ground 
portion of the plant on the below-ground portion of the plant 
have not been fully elucidated. 
The word "alfalfa" is derived from the Arabic meaning 
"best fodder" (Smith, 1981a), indicating that the forage value 
of alfalfa was indeed recognized in ancient times. That al­
falfa is still considered to be "best fodder" is substantiated 
in a statement made by Jorgensen and Howard (1981): 
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High quality alfalfa represents the best forage source 
for lactating dairy cows.... There is no substitute for 
high quality forage in the diet of high producing cows. 
There is no substitute for high quality alfalfa. 
Despite the potential for high nutritive value, it is recog­
nized that this value can be altered by maturity, cultivar, 
environment, insects, diseases, and storage conditions. 
It is well established that the nutritional quality of 
alfalfa declines with increasing maturity. Dry matter yields 
and stand longevity, however, tend to be favored by harvesting 
at greater maturity. With this in mind, the optimal maturity 
for cutting alfalfa is the first flower stage whence accept­
able (but not maximum) nutritive value, stand longevity, and 
yields are all obtained. 
Differences in the nutritive value of alfalfa are affected 
by changes in morphological composition, i.e., leaf to stem 
ratios, and changes in the chemical composition of these plant 
parts. Empirical analysis methods such as the crude fiber 
method, and more recently the Van Soest detergent fiber scheme, 
have thoroughly documented that "structural components" of 
plants are the main determinants of forage digestibility and 
intake potential. These methods do not, however, provide pre­
cise information on the chemical composition of the structural 
components. 
The structural components of plants consist mainly of 
polysaccharides with lesser amounts of lignin and protein. 
Structural polysaccharides differ from nonstructural or 
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reserve carbohydrates in that, once they are formed, they are 
not generally remobilized by the plant and are not uniformly 
digested by rumen microorganisms. Lignin is considered to be 
virtually indigestible under anaerobic conditions and is to a 
great degree responsible for the variable digestibility of 
structural polysaccharides. This relationship between lignin 
and structural polysaccharides is under investigation by forage 
scientists, the paper industry, and the fermentation industry. 
A major goal is to manipulate the relationship in favor of in­
creased carbohydrate utilization. Before such manipulation 
can occur in a systematic manner, the composition of plant 
structural components must be more thoroughly characterized. 
The objectives of this research were: 
1. To examine the effects of cutting management on the 
performance of winter-dormant, nonwinter-dormant, and 
root-proliferating alfalfas with respect to (a) herb­
age vitro digestible dry matter concentrations 
(IVDDM) and yields and (b) herbage, root, and crown 
dry matter yields, nitrogen concentrations, and N 
yields. 
2. To characterize changes that occur with maturity in 
leaves and stems of alfalfa with respect to (a) con­
ventional forage quality parameters and (b) structural 
polysaccharide composition. 
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The data from this research are presented in two parts, 
as manuscripts to be submitted for publication, to corre­
spond with the two objectives. 
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REVIEW OF LITERATURE 
The Potential Role of Forage Legumes in 
Contemporary Cropping Systems 
Crop rotation, in which crops requiring the most N fol­
lowed legumes, was widely used to supply agricultural N until 
the advent of economical commercial N fertilizers in the late 
1940s (USDA, 1980). With the immediate incentive for rotating 
crops gone, crop and livestock specialization by farms and 
regions developed. Monocultures, or at best corn-soybean ro­
tations, have evolved as accepted cropping systems in the 
corn belt region. 
The advantages, other than N, of including leguminous 
forages in a rotation are well documented and include soil 
conservation (Wischmeir, 1960; Mannering et al., 1968), crop 
disease control (Curl, 1963), and insect control (Barnes, 
1980). Also, research has indicated that some crops, includ­
ing alfalfa, may produce allelochemicals that stimulate the 
growth and yield of other plants (Reis et al., 1977). Heichel 
(1978) demonstrated that the fossil energy flux of rotations 
incorporating forage legumes could be reduced by 45% compared 
to continuous corn cropping. 
Despite these benefits, a clear economic incentive for 
including leguminous forages in the rotation has been lacking. 
In a 25-year Iowa crop rotation study, greater corn grain 
yields were produced by corn following alfalfa than by corn 
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following corn, soybeans, or oats (Voss and Shrader, 1979). 
Economic analysis of this study, however, has indicated that 
continuous corn or corn-soybean cropping systems have been most 
profitable. 
The demand for forages, except in areas with mixed crop-
livestock agriculture, has not been great enough to stimulate 
renewed interest in leguminous forage production in cropping 
systems. For example, the alfalfa acreage in Iowa has remained 
nearly constant at approximately 708,000 ha for the past 10 
years (Iowa Crop and Livestock Reporting Service, 1983). 
According to Doering and Peart (cited in Heichel, 1978), 
however, rotations are becoming increasingly cost effective 
because of stronger demands for forage crops and because for­
age legumes are among the most energy efficient crops in 
modern agriculture (Heichel, 1982a). 
Factors Affecting Symbiotically Fixed 
Nitrogen Accumulation by Alfalfa 
Symbiotic nitrogen fixation 
Estimates of N2 fixed symbiotically by the alfalfa-
rhizobia association vary widely with environment, management 
practices, and measurement technique. Literature reports for 
the amount of N2 fixed by alfalfa range from 56 to 463 kg ha ^  
yr ^ (Nutman, 1976; Burns and Hardy, 1975). The percentage of 
total N accumulated annually in alfalfa that is derived by 
symbiotic fixation is also quite variable, ranging from less 
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than 40% (Heichel et al., 1981) to greater than 90% (West, 
1981). 
In the past 15 years, numerous articles have been pub­
lished on factors affecting symbiotic N2 fixation by alfalfa. 
Munns (1968b) and Heichel and Vance (1977, 1979) demonstrated 
that increasing nitrate concentrations in the growth medium 
decrease nodule number and nodule size. Munns (1958b) at­
tributed this to decreased root hair curling and infection by 
rhizobia. The presence of combined N in the soil will not de­
crease the total amount of N accumulated in the plant but will 
decrease the proportion of total plant N derived from symbiotic 
fixation (Gibson, 1977). Low pH also effectively reduced in­
fection and nodulation in alfalfa (Munns, 1968a). 
The effect of potassium (K) on alfalfa yield and persis­
tence has been thoroughly studied and reviewed by Smith (1981a), 
but only recently has the effect of K on Ng fixation by alfal­
fa been examined. Duke et al. (1980) demonstrated that K fer­
tilization enhanced the potential for N2 fixation in alfalfa 
by increasing nodule number and nitrogenase activity (acety­
lene reduction) per plant. They concluded that increases in 
acetylene reduction on a whole-plant basis were due to in­
creased nodule mass and not to increased specific activity of 
nitrogenase. In a later study, Collins and Lang (1982) re­
ported a similar increase in nitrogenase activity in regrowing 
alfalfa plants by increasing K fertilization but concluded 
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that increased nodulation per se could not account for the in­
creased nitrogenase activity. Barta (1982) demonstrated that 
increased nitrogenase activity due to K fertilization during 
alfalfa regrowth was a result of greater assimilate transport 
to the root nodules. 
Defoliation of alfalfa has also been shown to affect 
nitrogenase activity. In a glasshouse study, Vance et al. 
(1979) found that alfalfa N2 fixation capacity (acetylene re­
duction) decreased by 88% within 24 h after defoliation. 
Similar results were obtained in a field study reported by 
Bohl (1981). This decrease in nitrogenase activity could not 
be explained by sloughing of nodules (Vance et al., 1979) as 
occurs in some perennial legumes after defoliation (Butler 
et al. , 1959). 
Vance et al. (1979, 1980) observed a rapid localized 
senescence in alfalfa nodules after defoliation. These exist­
ing nodules were able to initiate new cells, however, which 
became infected with rhizobia as vegetative growth resumed. 
Fishbeck and Phillips (1982) stressed that the recovery of N2 
fixation following shoot removal was dependent on assimilate 
produced by the regrowing shoots and not on stored carbohy­
drate. Thus, it would appear that the rapid regrowth charac­
teristic possessed by some alfalfa varieties could have a 
positive effect on symbiotic N2 fixation. 
Until recently, most efforts to improve the N2 fixation 
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of the alfalfa-rhizobia association have involved utilization 
of more effective rhizobial strains (Burton, 1972; Viands 
et al., 1981). Seetin and Barnes (1977) demonstrated that the 
host plant, alfalfa, also has genetic control over the N2 
fixation process. They reported that the capacity to fix N2 
was associated with fibrous roots, many nodules, and high root 
and shoot weights. Utilizing this information in a breeding 
program, Viands et al. (1981) successfully developed alfalfa 
populations with improved N2 fixation capacity. 
Nitrogen concentration in plant parts 
Viands et al. (1981) observed no effect of selection for 
increased N2 fixation on the N concentration of alfalfa tops. 
They also reported a high degree of independence between yield 
and N concentration. This and other supporting information 
led them to speculate that selection for yield and N2 fixation 
could be followed by selection for N concentration. That the 
N concentration on alfalfa tops is a heritable trait has been 
demonstrated by Gengenbach and Miller (1972) and Hill and 
Barnes (1977). Heichel and Barnes (1983) have found that there 
is genetic variability for N concentration in alfalfa roots 
and crowns and have successfully selected for this trait. 
The N concentration of alfalfa tops varies considerably, 
especially in response to increasing physiological maturity 
(Mowat et al., 1965) and factors such as foliar diseases that 
affect the leaf to stem ratio. Nitrogen concentration can 
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range from 64 g kg~^ in vegetative alfalfa (Kalu and Fick, 
1981) to 25 g kg ^ in alfalfa that has set seed (Smith, 1981a). 
Thus, frequent cutting results in highest N concentration in 
that portion of the alfalfa plant utilized as forage. 
Studies of management effects on alfalfa root and crown 
N concentrations are not abundant. Kroontje and Kehr (1956) 
reported that roots of alfalfa cut two times during the seed­
ing year had higher N concentrations than alfalfa cut one or 
three times. Bohl (1981) found a 21% greater N concentration 
in alfalfa roots and crowns (combined) of an uncut, second-
year stand than roots and crowns of alfalfa cut three or four 
times. Continuing these managements for another year resulted 
in slightly lower N concentrations in roots and crowns of the 
four-cut system compared to the three- or no-cut systems. 
Phytomass accumulation 
Although a thorough discussion of phytomass accumulation 
by alfalfa does not fall within the scope of this paper, a 
brief discussion is warranted because of its effect on total 
N accumulation. Bula and Massengale (1972) stated that "yield 
of alfalfa, like all other crops species, is largely controlled 
by the prevailing environment." Within a given environment, 
genetic variation for biomass production has been exploited 
by plant breeders in the development of higher yielding alfal­
fa varieties (Elliott et al., 1972). 
Harvest schedule is a factor that has major impact on 
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yields that can be controlled. In general, greatest annual 
alfalfa yields can be obtained by cutting when 10 to 50% of 
the stems have flowers (Smith, 1981a; Carlton et al., 1968), 
Greatest annual N yields are usually obtained when alfalfa 
is cut regularly at the 10% flower stage. 
Management factors affecting the mass of alfalfa roots 
and crowns have not been thoroughly studied. Heichel and 
Barnes (1983), however, have successfully selected for larger 
root and crown systems. Combining this trait with high #2 
fixation capacity and increased N concentrations could improve 
the value of alfalfa as an N source in crop rotations. 
In seeding year alfalfa, end-of-season root yields were 
found to be 30% lower, on an area basis, when cut once than 
when cut two or three times (Kroontje and Kehr, 1956). Smith 
and Nelson (1967) reported that alfalfa cut six times per 
season in Wisconsin had 35% lower root yields after 2 years 
than alfalfa cut three times per season. In a greenhouse 
study, Vance et al. (1979) demonstrated that defoliating seed­
ling alfalfa in the first flower stage virtually stopped root 
growth for the next 28 days. The root mass of uncut alfalfa 
virtually doubled during that time. Bohl (1981) reported 
a constant decrease in end-of-season root yields as number of 
harvests increased from zero to either three or four times 
during the first season of production. Imposing these manage­
ments for a second season resulted in similar root yields for 
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the zero and four-cut managements, both of these being lower 
than yields under the three-cut management. Thus, there 
appears to be a tendency for lower root yields under more in­
tensive harvest schedules. 
Assessment of Forage Nutritive Value 
It is generally accepted that the final assessment of any 
forage must be in terms of an animal product. Minson (1981) 
stated that "the most reliable expression of forage nutritive 
value is the daily production of milk, meat, or wool." The 
prohibitive time requirements and costs of conducting animal 
performance trials on a routine basis have led to the adoption 
of more easily obtained criteria to assess forage nutritive 
value. 
Mott and Moore (1970) stated that the nutritive value of 
a forage is a function of its chemical composition, digesti­
bility, and the nature of the resulting products of digestion. 
Analysis of chemical composition and estimates of digestibility 
are accomplished by relatively rapid laboratory procedures and 
have become the primary means of forage evaluation. Several 
of these measures will be briefly discussed. 
Crude protein 
Crude protein (CP) concentration is routinely determined 
in forages under investigation because of its significance to 
ruminant nutrition and its ease of measurement. Crude protein 
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is expressed as total Kjeldahl N (Bremner, 1955) times 6.25. 
Forage CP concentration can range from less than 50 g kg ^ in 
mature orchardgrass stems to 320 g kg ^ in immature alfalfa 
leaves. The digestibility of forage CP by ruminants may be 
as high as 95%, but it is usually lower (Van Soest, 1982). 
Total nonstructural carbohydrates 
Total nonstructural carbohydrates consist of various 
sugars, starch, and fructosans. These carbohydrates represent 
a source of energy readily available to the living plant 
(Smith,1981a) and to the ruminant (Van Soest, 1982). Total 
nonstructural carbohydrates usually make up 5 to 18% of the dry 
weight of alfalfa depending on maturity and temperature (Smith, 
1969). They are usually measured by the modified Weinmann 
method described by Smith (1981). 
Van Soest fiber analyses 
The Van Soest fiber analysis procedures (Goering and 
Van Soest, 1970) have become widely accepted as the standard 
forage quality assays throughout the world (Marten, 1979). 
Van Soest's methods are based on detergent extractions of for­
age material to fractionate the fiber component into neutral 
detergent fiber (cell wall constituents or CWC), acid deter­
gent fiber (ADF), and acid detergent lignin (lignin). Acid 
detergent fiber and lignin are often considered to be a means 
of ranking the relative digestibilities among or within forage 
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species. The measure of CWC is considered to be an estimate 
of intake potential (Marten, 1979). 
In vitro dry matter disappearance 
The direct acidification two-stage in vitro rumen fer­
mentation procedure (Marten and Barnes, 1980) is routinely 
used to predict relative digestibility differences among and 
within forage species. This method, or that of Goering and 
Van Soest (1970), has been used to predict both rate (Smith 
et al., 1971) and extent of digestion (Marten, 1979). 
Plant and Climate Factors Influencing 
Alfalfa Nutritive Value 
The nutritive value of alfalfa can be influenced by a 
number of factors. The extent and nature of the effects of 
maturity stage, cultivar, temperature, and moisture stress 
will be discussed. 
Maturity 
Maturity has been shown to have a profound effect on both 
the chemical composition and digestibility of alfalfa. De­
clines in CP and IVDDM concentrations with maturation are 
commonly reported (Mowat et al., 1965; Ferebee et al., 1972; 
Kalu and Fick, 1981). Ferebee et al. (1972) also reported 
increases in ADF, CWC, and lignin. Such negative changes in 
indices of alfalfa nutritive value with increasing maturity 
have been attributed to decreases in the leaf to stem ratio 
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and changes in stem composition (Mowat et al., 1965; Hacker 
and Minson, 1981). As will be discussed in detail in the 
section on "structural components of plants," stem digesti­
bility is closely related to increased secondary thickening 
and lignification of certain cell types. 
The effect of increased alfalfa maturity on animal per­
formance has been directly observed in several studies. 
Dawson et al. (1940) reported 20% lower milk production when 
Holstein cows were fed a sole ration of full-bloom alfalfa 
compared to cows fed initial-bloom alfalfa. Mohrenweiser and 
Donker (1968) reported 25% lower milk production by cows fed 
full-bloom alfalfa compared to cows fed late-bud alfalfa as 
their sole rations. Energy deficiencies and decreased intake 
potentials of mature alfalfa were considered to be major fac­
tors limiting milk production in both cases. 
Cultivar 
Although it is still commonly thought that finer stemmed 
alfalfa cultivars are of greater digestibility than coarse 
stemmed cultivars, small or no differences in nutritive value 
among any alfalfa cultivars have been typically reported in 
the literature (Mowat et al., 1965; Matches et al., 1970). 
Little breeding effort has been directed towards improved 
nutritive value of alfalfa; however, Shenk and Elliott (1971) 
have demonstrated genetic variability for IVDDM and CWC con­
centrations. Also, Hill and Barnes (1977) have demonstrated 
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high heritabilities for CP, lignin, CWC, and ADF, Thus, the 
potential for development of alfalfa cultivars with greater 
nutritive value does exist. 
Temperature 
Elevated temperatures have been reported to hasten the 
maturity of alfalfa, thus decreasing its nutritive value at a 
given chronological age (Marten, 1970). Plants grown at vary­
ing temperatures, but compared at similar maturity stages, did 
not differ in ADF, lignin, or IVDDM concentrations; however, 
elevated temperatures were associated with greater CP and lower 
total nonstructural carbohydrate concentrations (Marten, 1970; 
Smith, 1969; Jensen et al., 1967). Faix (cited in Van Soest, 
1982) found no effect of temperature on leaf digestibility 
but reported a decrease in stem digestibility as temperature 
increased from 17 to 27 C. Because the proportion of leaves 
increased with increasing temperature, no effect of tempera­
ture on total plant digestibility was observed. 
Soil moisture 
On a whole-plant basis, soil moisture stress has been 
shown to increase IVDDM and decrease ADF and lignin concen­
trations (Vough and Marten, 1971; Snaydon, 1972). Vough and 
Marten (1971) also reported less stem internode elongation 
and decreased stem diameters in alfalfa grown under soil 
moisture stress. Jensen et al. (1967) observed greater 
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concentrations of stem IVDEM and CP as well as increased pro­
portions of leaves. Thus, soil moisture stress has the effect 
of increasing the proportion of leaves as well as increasing 
the digestibility and CP content of alfalfa stems. 
Structural Components of Plants 
The term "fiber" has many definitions. The anatomical 
definition of fiber is "an elongated, usually tapering 
sclerenchyma cell with a lignified or nonlignified secondary 
wall that may or may not have a living protoplast at maturity" 
(Esau, 1977). The definition of "dietary fiber" widely ac­
cepted by human nutritionists is "the plant polysaccharides 
and lignin which are not digested by the endogenous secre­
tions of the upper gastrointestinal tract of humans" (Theander 
and Aman, 1979a). Neither of these definitions apply directly 
to a discussion of fiber in ruminant nutrition. 
Various chemical extraction methods have been divised to 
define and estimate "fiber" fractions that have some relevance 
to ruminant nutrition (Van Soest, 1982). Van Soest, however, 
prefers to regard fiber as a "biological unit" rather than a 
"chemical entity". The biological unit that he is referring 
to is the cell wall which, in the remainder of this disserta­
tion, will be used interchangeably with the terms fiber and 
structural components. 
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Significance of cell and tissue type to degradation in the 
rumen 
In a discussion of the structural components of alfalfa, 
it will be of value to consider the various cell and tissue 
types, their functions, and their relative abundance in the 
portions of the plant that are used as forage. It will become 
clear that, although alfalfa is generally analyzed for forage 
quality as a homogeneous material, it is truly heterogeneous 
in terms of morphology and anatomy. The two morphological 
components that make up 95% of the aerial portion of the 
alfalfa plant—the stems and leaves (Pick and Holthausen, 
1975)—will be discussed in terms of their anatomy. 
The primary stem of alfalfa is composed of three main 
tissue systems: the dermal (epidermis), the fundamental (cor­
tex and pith), and the vascular (Esau, 1977; Grove and Carlson, 
1972). The epidermis is a single layer of cells, with 
cutinized cell walls, on the stem surface. The cortex is com­
posed primarily of parenchyma but also contains bands of 
collenchyma cells that often form prominent ridges on the 
stem (Grove and Carlson, 1972). The pith is composed of 
parenchyma cells which usually rupture during stem maturation. 
A hollow stem results (Grove and Carlson, 1972). The vascu­
lar bundles are collateral and capped with pericyclic fibers. 
The primary xylem elements have lignified spiral thickenings. 
The lignified xylem elements, pericyclic fibers, and collen­
chyma provide mechanical support for the primary stem. 
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Secondary stem development occurs via secondary xylem 
production by the fascicular cambium, located between the 
xylem and phloem of the primary vascular bundles, and scleren-
chyma production on the inner side of the interfascicular cam­
bium (Esau, 1977). The result is a continuous vascular cy­
linder in the mature alfalfa stem. 
According to Grove and Carlson (1972), a well-defined 
layer of collenchyma lies under the epidermis of mature al­
falfa stems. With maturation, the collenchyma of alfalfa 
stems and petioles can become lignified (Fahn, 1974). Thus, 
the mature alfalfa stem contains a preponderance of structural 
components including the lignified xylem elements, sclerified 
pericyclic fibers, interfascicular cambium-derived scleren-
chyma, and a layer of potentially lignified collenchyma below 
the epidermis. 
The alfalfa leaf consists of a petiole and usually three 
leaflets. As in the stem, the lamina possess a single layer 
of epidermal cells with cutinized cell walls and a thin cuticle 
covering the upper epidermis (Grove and Carlson, 1972). The 
leaf mesophyll consists of elongated palisade parenchyma cells 
and spongy parenchyma cells, the thickness of these layers 
varying with the amount of light to which the leaf has been 
exposed (Cooper and Quails, 1967). Each leaflet has a mid-
vein with lateral branches which exhibit rebranching. The 
larger veins have some secondary thickening and develop a 
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sheath of thick-walled supporting cells (Grove and Carlson, 
1972). 
Akin and his associates (Akin et al., 1973, 1974, 1977; 
Akin, 1979) were the first to use electron microscopy to re­
late leaf and stem anatomy to cell wall digestibility by rumen 
microorganisms. Akin (1979) reported that in grasses the 
general pattern for degradation was; 
Mesophyll Epidermis ^ Lignified 
Phloem ^ Parenchyma bundle vascular 
sheath tissue 
It was also demonstrated that the mode of cell wall 
degradation varied with tissue type. Akin et al. (1974) 
reported that the rapidly digested mesophyll cell 
walls are apparently digested by extracellular enzymes with-, 
out bacterial adherence to the cell wall. In coastal bermuda-
grass, a warm-season grass, the epidermis and phloem are 
degraded after bacterial attachment (Akin et al., 1974). In 
orchardgrass, a cool-season grass, however, rapid degradation 
of these tissues occurs without prior bacterial attachment 
(Akin, 1979). Sclerenchyma is subject to a lesser degree of 
bacterial attachment and degradation by rumen microorganisms 
is slow and minimal even after 72 h (Akin et al., 1974). Rumen 
bacteria did not adhere to lignified vascular tissue and bac­
terial degradation was not apparent after a 72-h incubation. 
Similar relationships between microbial degradation of 
cell walls and plant anatomy were observed with alfalfa by 
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using the nylon bag method to suspend alfalfa in the rumen 
prior to electron microscope examination (Brazle and Harbers, 
1977). Alfalfa leaves subjected to such treatment exhibited 
rapid and extensive mesophyll degradation and only the cuticle, 
lower epidermis and epidermal hairs, and lignified portions 
of the vascular tissue remained after 72 h. The stem epi­
dermis (but not cuticle) and cortex parenchyma were partially 
hydrolyzed after 24 h, and after 72 h only lignified vascular 
tissue and the cuticle of stems remained. No reference was 
made to collenchyma which can become lignified (Fahn, 1974) 
and, therefore, presumably resistant to microbial degradation. 
Thus, it is apparent that the digestibility of alfalfa 
cell and tissue types varies greatly. Differences in cell and 
tissue digestibility have been related to the degree of lig­
nification and, to a lesser extent, to the degree of cutiniza-
tion. Leaves possess a greater proportion of potentially di­
gestible material than do stems. Finally, it should be men­
tioned that genetic variability exists for tissue proportions, 
specifically for the number of vascular bundles in alfalfa 
stems (Shenk and Elliott, 1971). This information suggests 
that there is the potential, through plant breeding, to re­
design the alfalfa stem for greater digestibility. 
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Significance of cell wall composition to degradation in the 
rumen 
The cell wall is generally considered to be of two types; 
a thin primary wall and a thicker secondary wall. In the fol­
lowing discussion regarding cell walls, specific reference 
will be made only to those cell and tissue types that make a 
major contribution to the forage biomass. 
The primary cell wall, developed by young undifferenti­
ated cells (Talmadge et al., 1973), is the only wall of paren­
chyma cells in the cortex and pith of stems and the mesophyll 
of leaves (Esau, 1977). Collenchyma cell walls "exemplify 
thick primary walls," but these can be transformed to scleren-
chyma by deposition of lignified secondary walls in mature 
plant parts (Esau, 1977; Fahn, 1974). 
The primary cell walls of a variety of higher plants 
appear to be quite similar in composition and structure 
(Albersheim, 1976). The primary walls of sycamore (Acer 
pseudoplatanus) are composed of approximately 10% protein, 
23% cellulose, 34% pectin, and 32% hemicellulose (Talmadge et 
al., 1973). These values are in agreement with those reported 
for other species (Albersheim, 1976). Because, by definition, 
there is no secondary thickening and therefore no lignifica­
tion in primary cell walls, they would offer little resis­
tance to degradation by rumen microorganisms. 
The secondary wall, in contrast, does not contain protein 
and can markedly vary in composition and structure from one 
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cell type to another (Talmadge et al., 1973). It is now 
generally accepted that the secondary wall consists of a net­
work of cellulose fibrils embedded in an amorphous matrix of 
hemicellulose, pectin, and lignin (Morrison, 1979; Theander 
and Aman, 1979a; Tanner and Morrison, 1983). Brice and 
Morrison (1982) described the noncellulosic matrix as "one 
vast macromolecular structure" in reference to the intimate 
association among the components. 
The association between lignin and structural polysaccha­
rides has long been recognized as the major factor limiting 
cell wall degradation by rumen microorganisms (Gaillard, 1962; 
Van Soest, 1981). Available information suggests involvement 
of both physical and chemical factors in the protection of 
structural polysaccharides from degradation. Covalent bonds 
between lignin and hemicellulose have been documented and 
strongly implicated as inhibitors of hemicellulose digestion 
(Morrison, 1973; Fahey et al., 1978; Gordon and Gaillard, 
1975). Although there is no evidence suggesting the occurrence 
of chemical bonds between lignin and cellulose (Morrison, 
1980), there is a negative relationship between lignin con­
centration and cellulose digestibility (Harkin, 1973) . The 
most widely accepted explanation for this phenomenon is that 
lignin physically protects cellulose from bacterial 
degradation. 
Morrison (1979) proposed that a "cage" of the ligno-
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hemicellulosic complex protects cellulose from attack by-
rumen microorganisms or their enzymes. The "bars" of the 
young cell walls are too far apart to prevent enzyme access; 
however, with maturation the complex develops (the "bars" 
are closer), and enzyme access is limited to the edges of 
broken walls. 
Cellulose Cellulose, the main structural polysac­
charide in plants, is a linear polymer of anhydroglucose con­
nected by 3-1, 4 bonds. It may have a degree of polymeriza­
tion of up to 10,000 glucosyl units. Hydrogen bonding between 
approximately 40 of these linear glucan chains results in 
threadlike structures called elementary fibrils. In the 
secondary wall, several elementary fibrils combine to form 
microfibrils. 
Research conducted by Cowling (1975) and Stone et al. 
(1969) demonstrated that accessibility of cellulose surface 
to cellulolytic enzyme was the primary physical feature influ­
encing its enzymatic hydrolysis. Before hydrolysis can occur, 
a direct contact between the substrate cellulose and the 
enzyme must be made. In support of this, Gharpuray et al. 
(1983) demonstrated that, with respect to hydrolysis rate, 
the specific surface area is the most important structural 
feature, followed by lignin content and the degree of crys-
tallinity. Increased surface area and decreased lignin and 
crystallinity increase the hydrolysis rate. This information 
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is consistent with Morrison's (1979) "cage" theory but also 
suggests the potential for variable rates of cellulose degrada­
tion in the rumen independent of lignin. 
Hemicellulose The term hemicellulose, according to 
Wilkie (1979), has no unique chemical definition. The term 
arises from the once held belief that these polysaccharides 
were precursors to cellulose (Bailey, 1973). The classical 
definition of hemicellulose is "those cell wall polysaccha­
rides preferentially solubilized by aqueous alkali after re­
moval of water soluble and pectic carbohydrates" (Theander 
and Aman, 1979a). 
Hemicellulose is a mixture of polysaccharides having a 
much lower degree of polymerization (50 to 200) than cellu­
lose. The main hemicellulose component of forage grasses is 
arabinoxylan (Wilkie, 1979; Theander and Aman, 1977; Bailey, 
1973) which consists of a 3-1, 4-linked D-xylose polymer with 
L-arabinose and/or D-glucuronic acid side chains. Glucoman-
nans and galactoglucomannans also make significant contribu- . 
tions to the hemicellulose fraction of legumes (Theander and 
Aman, 1977). The highly substituted xylans account for vir­
tually all of the arabinose and galactose in grass tissues 
(Wilkie, 1979). 
Hemicelluloses are a major constituent of forage dry 
matter, ranging from 4 to 11% in a variety of legumes and 9 
to 23% in a variety of grasses (Bailey, 1973). They form a 
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matrix among the cellulose fibrils, but some may be found in 
the middle lamella. The amounts and composition of hemi-
cellulose can vary with tissue type and maturity. For example, 
the vascular bundles and epidermal tissue of grasses have 
lower proportions of arabinose and more xylose than do meso-
phyll cells (Wilkie, 1979). These factors contribute to dif­
ferences in observed hemicellulose composition of composite 
forage material among species and with changes in maturity. 
Because of the wide variety of sugar residues and glyco-
sidic linkages in hemicellulose, a wide assortment of enzymes 
are required for its degradation in the rumen. These hemi-
cellulases are generally thought to be endoenzymes produced 
by both rumen bacteria and protozoa (Van Soest, 1982). The 
digestibility of hemicellulose, especially as it is affected 
by monomer composition and lignin, is a fertile area for 
research. 
Neilson and Richards (1978) reported that about half of 
the lignin entering the rumen from a diet of spear grass 
(Heteropoqon contortus) will go into solution as a ligno-
carbohydrate complex. This complex was not further digested 
after going into solution, precipitated at the low pH of the 
abomasum, and was present in the solid fraction of the feces. 
The fraction of carbohydrate in this complex ranged from 11 to 
23%. Morrison (1973) chemically isolated and analyzed lignin-
hemicellulose complexes from perennial ryegrass and found 
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their carbohydrate composition to be approximately 70% xylose, 
20% arabinose, and 5% each of glucose and galactose. 
The rumen digestibility of various hemicellulose compo­
nents is not uniform. Gaillard (1962) reported that, of the 
two most abundant neutral sugars in grass hemicellulose, 
xylose was degraded to a lesser extent than arabinose. Bailey 
(1967) reported similar results for clover. 
With increasing plant maturity, digestibility of hemi­
cellulose decreases and the xylose:arabinose ratio in the hemi­
cellulose increases. This fact has led to speculation that 
changes in hemicellulose composition could have a direct ef­
fect on digestibility. Brice and Morrison (1982) demonstrated 
with delignified hemicellulose from ryegrass (Lolium perenne) 
that the extent of xylan degradation decreased with a decreas­
ing xylose:arabinose ratio. This, they concluded, occurred 
because arabinose side chains must be enzymatically removed 
before the core xylose chain can be attacked. 
In nondelignified hemicellulose complexes, the extent of 
degradation followed a different pattern (Brice and Morrison, 
1982). Hemicellulose of more mature plant material had 
greater xylose:arabinose ratios but this plant material also 
had greater lignin concentrations than less mature ryegrass. 
Xylan degradation of the mature ryegrass was lower despite the 
favorable xylose:arabinose ratio. It was concluded that 
lignin had a greater effect on digestibility of the lignin-
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hemicellulose complex than did the monomer composition of 
xylans. 
Acetyl and phenolic acid substituents have also been 
identified as factors limiting hemicellulose digestibility. 
In a review of the literature on this topic, Theander and 
Aman (1981) reported that grasses contain 1 to 3% bound 
acetyl groups and 0.5 to 2.5% bound phenolic acids. These 
constituents have been found to increase in concentration 
with maturity and are thought to affect carbohydrate digesti­
bility by binding to xylans. 
Pectic substances Pectic substances are a group of 
amorphous polysaccharides, rich in galacturonic acid, that 
occur in the middle lamella and primary cell wall (Bailey, 
1973, Albersheim, 1976). This group is made up largely of 
a-1, 4 linked D-galacturonic acid units with some L-rhamnose 
units in the main chain, and side branches of D-galactose and 
L-arabinose. Arabinans, galactans, and arabinogalactans are 
also considered to be pectic substances (Theander and Aman, 
1977). Thus, the distinction between hemicellulose and pectic 
substances is not clear and, for this reason, they are some­
times jointly classified as noncellulosic polysaccharides. 
Concentrations of pectic substances are usually greater 
in legumes (4 to 8%) than in grasses (1 to 4%) (Bailey, 1973; 
Theander and Aman, 1980). They have long been known to be 
extensively digested by ruminants (Gaillard, 1962). Recently, 
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Chesson and Monro (1982) reported the digestibility of pectic 
substances of alfalfa and clover to range from 85 to 98% after 
18 h in the rumen. The rate and extent of degradation is thus 
more similar to that of nonstructural carbohydrates than to 
the other cell wall components. 
Liqnin Lignin is a three-dimensional network composed 
almost entirely of three, closely related phenylpropenoid 
monomers: p-coumaryl, coniferyl, and sinapyl alcohols (Harkin, 
1973). These subunits are interlinked with extremely stable 
bonds, including carbon to carbon and ether linkages, that 
are quite resistant to hydrolytic cleavage. Lignin, along 
with hemicellulose, forms a matrix among the cellulose fibrils 
in the cell wall. Lignin imparts extreme rigidity on the 
otherwise pliable polysaccharide walls. 
Lignification is not characteristic of all cell walls but 
rather is confined to mature cells with the specialized func­
tions of either or both water conduction and mechanical sup­
port (Esau, 1977; Harkin, 1973). In these cell walls, lignin 
is not only in close physical association with the cell wall 
polysaccharides but is actually covalently bonded to hemi­
cellulose. 
The association between lignin and polysaccharides is a 
major factor affecting herbage utilization by ruminants. Be­
sides being virtually indigestible itself, lignin can protect 
1.4 times its weight in carbohydrate (Van Soest, 1981). And 
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besides making a portion of the ^ arbohydrate unavailable as 
an energy source, the undigested lignin-carbohydrate complex 
residue serves as ballast in the rumen and reduces feed con­
sumption. 
Protein Extensin, a hydroxyproline-rich protein, may 
constitute as much as 10% of the primary cell wall (Talmadge 
et al., 1973). It has not, however, been isolated from sec­
ondary cell walls. Extensin consists of four-unit arabinose 
chains and single galactose molecules linked to a main protein 
core (Albersheim, 1976). Because of the close association 
with cell wall polysaccharides, these glycoproteins are more 
resistant to rumen digestion than is cellular protein (Van 
Soest, 1982). The contribution of cell wall protein to the 
total forage protein or to the total forage biomass is very 
small and thus probably of negligible significance to ruminant 
nutrition. 
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PART I. HARVEST MANAGEMENT OF ALFALFA; EFFECTS ON FORAGE 
YIELD AND QUALITY AND ON NITROGEN ACCUMULATION 
IN FORAGE, STUBBLE, ROOTS, AND CROWNS 
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INTRODUCTION 
It is widely accepted that cutting management can have 
significant effects on alfalfa yield and composition. Frequent 
cutting at early stages of growth will usually result in greater 
leaf to stem weight ratios (Mowat et al., 1955), crude protein 
concentrations (Salmon et al., 1925), mineral concentrations 
(Smith, 1981a), and digestibility (Barnes and Gordon, 1972) as 
compared to less frequent cutting at more mature growth stages. 
Also, frequent cutting usually results in reduction in both 
annual yields (Jensen et al., 1967) and carbohydrate root 
reserves (Smith, 1972), with a resulting reduction in stand 
persistence (Graber et al., 1927; Smith, 1972). 
Although alfalfa has long been used as a source of nitro­
gen (N) for nonlegumes in crop rotations, little is known 
about management effects on N accumulation in alfalfa roots 
and crowns. Voss and Shrader (1979) reported from a 25-year 
rotation study that the higher the alfalfa hay yield, the more 
N is supplied to subsequent corn crops in rotations. These 
data suggest that managing alfalfa for high forage yields 
could affect either the amount of N in the portion of the 
plant to be plowed down (roots, crowns, stubble) or the avail­
ability of that N or soil N to subsequent crops. 
The effects of cutting management on alfalfa root and 
crown dry matter yields and N concentrations are not well 
documented. In seeding-year alfalfa, end-of-season root yields 
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were found to be 30% lower, on an area basis, when the alfalfa 
had been cut once rather than either two or three times 
(Kroontje and Kehr, 1956). Smith and Nelson (1967) reported 
that alfalfa cut six times per season had 35% lower root 
yields after 2 years than alfalfa cut three times per season. 
Kroontje and Kehr (1956) found that root N concentration, 
averaged over six cultivars, was lower under a one-cut manage­
ment than when cut two or three times. Bohl (1981), on the 
other hand, found that roots of uncut alfalfa contained sig­
nificantly higher concentrations of N than roots of alfalfa 
cut either three or four times during the first season of pro­
duction. 
Studies on differences in crown and root mass or N con­
centration among alfalfa cultivars are also not abundant or 
conclusive. Kroontje and Kehr (1956) reported only small 
variations in root yields and N concentrations among two winter-
dormant and four nonwinter-dormant alfalfa cultivars. Heichel 
and Barnes (1983) found no differences in crown or root mass 
among three populations of nonwinter-dormant alfalfa and two 
winter-dormant cultivars. No information is available on the 
root and crown mass and N concentrations of root-proliferating 
cultivars. 
A group of Minnesota scientists has the goal of developing 
an alfalfa for use as an annual crop. Their thought is that 
nonwinter-dormant alfalfa will continue to produce forage and 
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fix N until a killing frost, long after winter-dormant alfal­
fas have ceased activity. They have made progress in breeding 
for increased root and crown mass and N concentrations, with­
out sacrificing forage yield (Heichel and Barnes, 1983). It 
is anticipated that this research will result in a cultivar 
that yields well and increases N inputs into cropping systems. 
The objectives of this study were to examine the effects 
of cutting management on the performance of winter-dormant, 
nonwinter-dormant, and root-proliferating alfalfas with re­
spect to (l) vitro digestible dry matter concentrations 
and yields and (2) forage, stubble, root, and crown dry 
matter yields, N concentrations, and N yields. 
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MATERIALS AND METHODS 
Site Characteristics 
This study was located at the Iowa State University 
Agronomy and Agricultural Engineering Research Center, Boone 
County, Iowa. The soil type at the site is a Webster silty 
clay loam (fine loamy, mixed mesic typic Haploquoll) with a 
pH range from 6.6 to 6.9. At seeding time, soil test analyses 
were 80 kg ha~^ available P and 200 kg ha~^ available K. 
Climatological data presented in the Appendix show that the 
seasons in which this study was conducted had below normal 
precipitation and above normal temperatures. 
Alfalfa Cultivars 
Six alfalfa cultivars, varying widely in genetic back­
ground, were included in the study. The characteristics of 
interest are listed in Table I.l. 'Spredor 2' and 'Travois' 
were included in the study because of their (1) proliferating 
root tendency and associated flat crowns, and (2) prostrate 
to semi-prostrate growth habit. It was hypothesized that 
these two unique traits could affect root N accumulation and 
forage quality, respectively. 'Vernal* and 'Tempo' are conven­
tional hay-type cultivars adapted to Iowa and were at the low 
and high ends, respectively, of a list of cultivars screened 
for root N concentrations. 'UC-Cargo' is a nonwinter-dormant 
Table I.l. Characteristics of six alfalfa cultivars included in the study 
Cultivar 
Winter 
dormancy 
Root growth 
habit 
Relative root 
N concentration^ 
Shoot growth 
habit 
Spredor 2 Dormant Proliferating - Semiprostrate 
Travois Dormant Proliferating - Semiprostrate 
Vernal Dormant Tap root Low Erect 
Tempo Dormant Tap root High Erect 
UC-Cargo^ Nondormant Tap root Low Erect 
MnUC-Cargo^'C Nondormant Tap root High Erect 
^From preliminary studies conducted at the University of Minnesota, Dr. 
D. K. Barnes, personal communication. 
^Seed provided from breeding program of Dr. D. K. Barnes. 
^Second cycle of selection from UC-Cargo for large roots and high root N 
concentration. 
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cultivar developed by the University of California and 'MnUC-
Cargo' represents the second cycle of selection from that cul­
tivar for large root size and high root N concentration. 
Establishment, Fertilizer Application, and 
Experimental Design 
The winter-dormant cultivars (Spredor 2, Travois, Vernal, 
and Tempo) were planted with a Planet Jr. seeder in 20-cm rows 
at a rate of 15 kg ha ^ in August, 1979. Plot size was 1.5 x 
5.0 m. The nonwinter-dormant entries were seeded in May, 1980, 
and into a second set of plots in April, 1981. Two seedings 
of nonwinter-dormant alfalfa were required because of the ex­
pected poor winter survival. Annual P and K applications were 
approximately 40 kg ha~^ and 250 kg ha~^, respectively. 
A split-plot design with four blocks was used for the 
experiment. Cutting schedules were treated as whole-plots 
and subplots consisted of cultivars. The winter-dormant and 
nonwinter-dormant entries were statistically analyzed as 
separate experiments. 
Forage Sampling and Laboratory Analyses 
Four harvest schedules, based on plant maturity, were 
used. Appropriate plots were harvested each time alfalfa 
reached the bud, first-flower, mid-flower, or early-pod 
stage of development. These will be referred to as the bud, 
first-flower, mid-flower, and early-pod cutting managements. 
38 
respectively. A modification to this schedule was made for 
the nonwinter-dormant entries in that they were all cut in 
early July and regrowth was harvested according to the maturity 
schedule. Forage growth in late October, even though not at 
the appropriate maturity stage, was also clipped and included 
in the annual yield totals. Table 1.2 lists harvest dates 
for 1980 and 1981. 
Forage for yield determination was harvested from each 
plot with a sickle-bar mower at a 5-cm stubble height from an 
area 0.9 x 5 m in each plot. Subsamples were dried at 65 C, 
ground with a Wiley mill to pass a 1-mm screen, and redried 
at 65 C before laboratory analyses. 
In vitro digestible dry matter was determined via a 
direct acidification two-stage procedure (Marten and Barnes, 
1980). Nitrogen analysis was accomplished via the semimicro-
Kjeldahl procedure (Bremner, 1965). Nitrogen and IVDDM values 
were expressed as a proportion of dry matter. 
Forage yield and composition data will be discussed as 
seasonal totals or weighted seasonal means. Values for in­
dividual harvests are presented in the Appendix. 
Root and Crown Sampling and Laboratory Analyses 
Root and crown samples were taken from the nonwinter-
dormant alfalfa plots in November 1980 and 1981 and from the 
winter-dormant only in November 1981. This task was accom-
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Table 1.2. Harvest dates of winter-dormant and nonwinter-
dormant alfalfa subjected to harvest schedules 
based on plant maturity 
Harvest dates 
Winter dormant Nonwinter dormant 
1980 1981 1980 1981 
Bud May 23 May 13 July 1 July 2 
June 20 June 17 July 31 Aug 4 
July 16 July 10 Aug 27 Sept 9 
Aug 19 Aug 10 Oct 3 Oct 3 
Oct 15 Oct 10 
First-flower May 31 May 23 July 1 July 2 
July 1 June 26 Aug 6 Aug 10 
July 31 July 22 Sept 5 Sept 23 
Sept 8 Sept 2 Oct 24 Oct 20 
Oct 24 Oct 20 
Mid-flower June 9 June 3 July 1 July 2 
July 14 July 2 Aug 12 Aug 17 
Aug 22 Aug 4 Sept 18 Oct 20 
Oct 24 Oct 20 Oct 24 
Early-pod June 20 June 12 July 1 July 2 
July 31 July 17 Aug 18 Aug 25 
Sept 15 Sept 2 Oct 24 Oct 20 
Oct 24 Oct 20 
Cutting 
management 
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plished by undercutting roots with a tractor-mounted blade at 
a depth of 25 cm. The root and crown sample area was 0.4 
(two rows) X 3 m and 0.4 (two rows) x 1 m in 1981. After 
undercutting, plants were lifted from the soil and transported 
to the laboratory where the remaining soil was washed away. 
Plants were trimmed with a pruning shears to a root length of 
25 cm after which separation into root, crown, and stubble 
fractions was made. Alfalfa crowns consist of the perennial 
portions of the stem but are not distinct morphological units 
(Grove and Carlson, 1972). To facilitate consistency in this 
experiment, crowns were defined as 5-cm long portions of the 
plant between the stubble and the root. These samples were 
analyzed for N as described above. 
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RESULTS AND DISCUSSION 
Plant Densities 
Winter-dormant cultivars 
Plant densities of the winter-dormant cultivars, deter­
mined at the time of root excavation after 2 years of growth, 
were affected by cutting management (Table 1.3). The mid-
flower cutting management resulted in greatest densities, 
approximately 99 plants m~^, and the first-flower cutting 
management resulted in lowest densities, approximately 65 
plants m~^. Plant densities of the bud and early-pod cutting 
managements were intermediate. Harvesting alfalfa close to 
the full-bloom stage will, according to Smith (1981a), result 
in maximum root carbohydrate accumulation, plant vigor, and 
stand persistence. Of the managements used in the present 
study, mid-flower was the closest to full-bloom. 
Stand density was also affected by cultivar. The two 
root-proliferating cultivars, Spredor 2 and Travois, had 
densities of approximately 53, Vernal 74, and Tempo 105 
— 2 plants m~ . Assuming similar establishment success (all cul­
tivars had similar germination percentages), differences in 
stand densities would have to be a result of varying responses 
to competition, diseases, or environmental conditions. 
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Table 1.3. Plant density of winter-dormant and nonwinter-
dormant alfalfa in the fall after 2 or 1 year of 
production, respectively 
Winter-dormant alfalfa Nonwinter-dormant alfalfa 
Treatment 1981 Treatment 1980 1981 
plants m~^ -plants — 2 m 
Cutting management Cutting management 
Bud 
First-flower 
Mid-flower 
Early-pod 
85 
65 
99 
72 
Bud 
First-flower 
Mid-flower 
Early-pod 
279 
276 
312 
325 
281 
214 
282 
273 
^^^0.05 19 ^^^0.05 NS^ NS 
Cultivar Entry 
Spredor 2 
Travois 
Vernal 
Tempo 
55 
52 
74 
105 
MnUC-Cargo 
UC-Cargo 
LSDO.05 
312 
284 
NS 
280 
245 
NS 
^^°0.05 13 
^NS = nonsignificant. 
Nonwinter-dormant entries 
The stand densities of the nonwinter-dormant entries were 
quite variable and not significantly (P<0.05) affected by 
cutting management. Differences in stand densities between 
the two entries were also not observed. It must be emphasized 
that the stand densities of the nonwinter-dormant lines were 
determined at the end of a single season of production and 
densities of the winter-dormant cultivars after two winters 
and two seasons of production. Because greatest stand losses 
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generally occur as a result of winter injury, there were two 
to five times more plants m in stands of the nonwinter-
dormant lines than in the winter-dormant cultivars. 
Jarvis (1962) observed no increase in forage yield at 
— 2 densities above 43 plants m . Bohl (1981) reported no dif­
ferences in forage yield, forage N concentration, root yield, 
or root N concentration between densities of 56 and 85 plants 
m"^. It is doubtful that the differences in plant densities 
in the present study would affect the traits measured. 
Concentration and Yields of in vitro 
Digestible Dry Matter 
Winter-dormant cultivars 
Concentrations of IVDDM in the winter-dormant cultivars, 
expressed as the weighted mean of all harvests within a cutting 
management treatment, were greatest in the bud and lowest in 
the early-pod cutting managements in 1980 and 1981 (Table 1.4). 
These results were expected and are in agreement with those 
reported by Matches et al. (1970), where frequent cutting, 
based on either calendar date or plant maturity stage, re­
sulted in greater IVDDM concentrations in samples composited 
over the entire season. 
In both seasons, Spredor 2 contained greater concentra­
tions of IVDEM than the other three cultivars. Tempo contained 
lowest IVDDM concentrations in both seasons, but was not sig­
nificantly lower than Travois or Vernal in 1981. 
44 
Table 1.4. Annual forage IVDEM concentrations and yields of 
winter-dormant alfalfa 
Weighted IVDDM 
concentration^ IVDDM yield 
Treatment 1980 1981 1980 1981 
————g kg ———mt ha 
Cvi t i: i n q m a n a q em e n 
Bud 718 700 7.60 6.97 
First-flower 692 684 7.72 8.11 
Mid-flower 674 648 9.43 8.00 
Early-pod 646 633 8.34 8.31 
LSDq 7 6 0.47 0.50 
Cultivar 
Spredor 2 701 684 7.87 7.05 
Travois 680 661 7.94 8.06 
Vernal 680 662 8.75 7.97 
Tempo 670 658 8.53 8.33 
LSDQ Qg 5 5 0.33 0.31 
^Weighted to reflect varying yields of individual har­
vests within cutting managements. 
Annual yields of IVDEM were always lowest when winter-
dormant cultivars were harvested according to the bud man­
agement but differences between the bud and first-flower man­
agements were not significant in 1980 (Table 1.4). The 
greatest IVDDM yield, 9.43 mt ha~^, was obtained with the mid-
flower and early-pod managements in 1981. Yields of IVDDM 
were always lowest in Spredor 2 and tended to be greatest in 
Vernal and Tempo, cultivars with typical upright growth habit. 
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Nonwinter-dormant entries 
Weighted IVDDM concentrations in nonwinter-dormant al­
falfa were lowest (P<0.05) in the early-pod cutting management 
in both seasons (Table 1.5). Differences due to cutting man­
agement were not as great in the nonwinter-dormant lines as 
in the winter-dormant cultivars. The reason for this is that 
the sometimes immature, end-of-season harvests comprised a 
greater proportion of the total yields of the nonwinter-
dormant than of the dormant cultivars. There were no differ­
ences in IVDDM concentrations between MnUC-Cargo and UC-Cargo. 
Annual yields of IVDEM tended to be the lowest when non-
winter- dormant alfalfa was subjected to the early-pod manage­
ment (Table 1.5). MnUC-Cargo yielded slightly more IVDDM 
than UC-Cargo in 1980, but differences were not observed in 
1981. Yields of IVDDM were only about half those of the 
winter-dormant cultivars because of the lower dry matter yields 
of these seeding year stands compared to the perennial winter-
dormant cultivars. 
Forage, Stubble, Crown, and Root Dry Matter Yields 
Winter-dormant cultivars 
Annual dry matter yields of alfalfa forage were affected 
by cutting management (Table 1.6). Lowest forage yields were 
obtained from the bud cutting management in 1980 (10.59 
mt ha ^) and 1981 (9.98 mt ha ^). Greatest forage dry 
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Table 1.5. Annual forage IVDMD concentrations and yields of 
nonwinter-dormant alfalfa 
Treatment 
Weighted iVDm 
concentration^ 
1980 1981 
IVDDM yield 
1980 1981 
-1 g kg ———— ————mt ha 
(.- u t: t.i.nq manage m e ri t 
Bud 716 
First-flower 719 
Mid-flower 723 
Early-pod 690 
^^^0.05 
702 
699 
688 
665 
3.64 
3.98 
3.82 
3.07 
0.71 
3.90 
3.38 
2.90 
2.71 
0.74 
Entry 
MnUC-Cargo 715 689 3.81 3.25 
UC-Cargo 710 689 3.45 3.19 
LSDq NS^ NS 0.26 NS 
^Weighted to reflect varying yields of individual har­
vests within cutting managements. 
^NS = nonsignificant, 
matter yields were obtained from the mid-flower cutting man­
agement (14.00) in 1980, and mid-flower (12.37) and early-pod 
cutting managements (13.14) in 1981. In an adaptation of re­
search published by Salmon et al. (1925) and Graber et al. 
(1927), Smith (1981a) revealed a similar yield ranking for 
cutting managements similar to those used in this study. 
Yields in the present study were, however, more than double 
those reported in the earlier studies—likely a result of 
Table 1.6. Dry matter yields of plant parts and total dry matter yields of 
winter-dormant alfalfa 
Forage Stubble Crown Root Total 
Treatment 1980 1981 1981 
-mt ha 
1981 
-1 
1981 1980+1981 
Cutting management 
Bud 
First-flower 
Mid-flower 
Early-pod 
LSD 0.05 
10.59 
11.18 
14.00 
12.91 
0.75 
9.98 
11.87 
12.37 
13.14 
0.79 
0.57 
0.43 
0.51 
0.61 
0.09 
1.08 
0.84 
1. 50 
1.18 
0 .20  
2 .00  
1.55 
2.65 
2.18 
0.29 
24.22 
25.87 
31.04 
30.01 
1.45 
Cultivar 
Spredor 2 
Travois 
Vernal 
Tempo 
LSD, 0.05 
11.28 
11.72 
12.91 
12.78 
0.49 
10.36 
12.23 
12.09 
12.69 
0.48 
0.54 
0.52 
0.57 
0.50 
NS^ 
0.92 
1.21 
1.26 
1.20 
0.17 
1.70 
2 . 2 8  
2.11 
2.30 
0.28 
24.79 
27.96 
28.94 
29.47 
1.26 
^S = nonsignificant. 
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yield improvements through plant breeding. 
Averaged over cutting schedules, cultivars differed sig­
nificantly in yields in both 1980 and 1981 (Table 1.6). 
Tempo and Vernal were highest and Travois and Spredor 2 were 
lowest yielding cultivars in 1980. In 1981, Tempo was highest. 
Vernal and Travois were intermediate, and Spredor 2 was low­
est in forage yield. These rankings were similar over all 
harvest schedules. 
At the end of two full seasons of production in November 
of 1981, plants from each treatment were divided into roots, 
crowns, and remaining forage or stubble. The stubble frac­
tion contained previously unharvested lower portions of stems 
and late fall regrowth. Stubble was kept separate from the 
forage fraction only because it contained plant material from 
below the normal 5-cm cutting height that would not truly 
represent alfalfa harvested as forage. Stubble yields were 
all less than 0.62 mt ha~^ (Table 1,6), and varied with the 
amount of fall regrowth. 
Cutting managements affected both the crown and root dry 
matter accumulation (Table 1.6). Crown yields were 1.08, 
0.84, 1.50, and 1.18 mt ha""^ under the bud, first-flower, 
mid-flower, and early-pod cutting managements, respectively. 
Root yields were 2.00, 1.55, 2.65, and 2.18 mt ha"^ for the 
bud, first-flower, mid-flower, and early-pod cutting manage­
ments, respectively. Surprisingly, root and crown masses were 
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similar under the two most different cutting schedules, the 
bud and early-pod. 
That root and crown yields were greater under the bud 
than under the first-flower cutting management and similar 
root and crown yields were observed in the bud and early-pod 
cutting managements were puzzling results. Smith and Silva 
(1969) demonstrated that newly formed photosynthate, and not 
stored carbohydrate, is required for root growth. Pearce 
et al. (1959) reported that, when alfalfa tops were small, 
most of the assimilates remained in the tops. Vance et al. 
(1979) found no change in root mass for 26 days after defoli­
ating alfalfa. These studies all suggest that increased 
cutting frequency should result in lower dry matter accumula­
tion in alfalfa roots and crowns. Jensen et al. (1967) found 
this to be the case in a controlled environment study in 
which alfalfa was grown in pots, thus allowing total root 
recovery. 
In the present field study, alfalfa root and crown mass 
were measured in the top 25 cm of soil. The possibility 
exists that rooting pattern is affected by cutting management 
resulting in differences in proportions of the total root mass 
in the top 25 cm of soil. The possibility also exists that 
the timing of cutting interacted with climatological occur­
rences, affecting root and crown growth in this study. 
Cultivars differed significantly in root and crown dry 
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matter accumulation (Table 1.5). Though it was thought that 
the root-proliferation tendency might be associated with in­
creased root and crown mass, results did not confirm this to 
be the case. The crown and root yields of Spredor 2 were 
0.92 and 1.70 mt ha~^, respectively. Differences among the 
other three cultivars were not observed and their mean crown 
and root yields were 1.22 and 2,23 mt ha~^, respectively. 
For root and crown yields, differences in response of 
cultivars to the cutting schedules resulted in a cutting man­
agement by cultivar interaction. Root mass was greatest in 
Tempo under all but the mid-flower cutting management, when 
Travois and Vernal had greater root yields. An explanation 
of this interaction is not apparent. With respect to crown 
mass, the two root-proliferating cultivars responded differ­
ently than the two tap-rooted cultivars to the different cut­
ting managements. Crown dry matter accumulation was similar 
for Vernal and Tempo in mid-flower and early-pod cutting man­
agements, but crown yields of Spredor 2 and Travois were lower 
in the early-pod than in the mid-flower cutting management. 
Crowns of the root-proliferating cultivars are low set and 
spreading (Lorenz et al., 1982), thus differing in appearance 
from those of tap-rooted cultivars. Reasons for their dif­
ferent response to cutting management are not known. 
Total recovered biomass (Table 1.6) was affected by 
cutting management and cultivar. There was a tendency for 
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decreasing total biomass yields with increasing cutting manage­
ment intensity. The ranking for cultivars averaged over 
cutting managements was Tempo = Vernal > Travois > Spredor 2. 
A cultivar by cutting management interaction resulted from 
Tempo differing slightly from the other cultivars in response 
to cutting management. 
Nonwinter-dormant entries 
Forage dry matter yields of the nonwinter-dormant lines 
were significantly affected by cutting management (Table 1.7). 
Lowest forage yields were obtained from the early-pod cutting 
management in 1980, and from the early-pod and mid-flower 
cutting managements in 1981. The relatively high forage yields 
under more intensive cutting managements likely results from 
the fact that nonwinter-dormant alfalfa is characterized by 
fast regrowth and is better adapted to frequent defoliation 
than winter-dormant alfalfa. 
In a controlled environment study, Jensen et al. (1967) 
found no differences in dry matter yields of nonwinter-
dormant alfalfa as time between harvests lengthened from 21 
to 35 days. In contrast, yields of winter-dormant alfalfa 
steadily increased as length of time between harvests in­
creased from 15 to 42 days. They concluded that the differ­
ent responses to cutting frequency were due to more rapid 
regrowth of nonwinter-dormant than winter-dormant alfalfa. 
In 1980, MnUC-Cargo yielded 5.32 mt ha~^, slightly more 
Table 1.7. Dry matter yields of plant parts and total dry matter yields of 
nonwinter-dormant alfalfa 
Forage 
Treatment 
Stubble Crown Root 
Yearly 
total 
1980 1981 1980 1981 1980 1981 1980 1981 1980 1981 
2-yr 
total 
1980+ 
1981 
-mt ha -1 
Cutting management 
Bud 5.08 5. 56 1.10 0. 57 0. 70 0.60 1. 08 1. 62 7.97 8.35 16. 32 
First-flower 5.54 4. 83 1.04 0. 53 0. 86 0.49 1. 51 1. 16 8.96 7.01 15.97 
Mid-flower 5.29 3. 93 1.02 0. 77 0. 90 0.60 1. 52 1. 35 8.72 6.66 15.38 
Early-pod 4.46 4. 36 1.46 0. 57 0. 92 0.66 1. 50 1. 86 8. 34 7.44 15.78 
0.98 1. 11 0.16 0. 16 0. 12 NS^ 0. 28 0. 33 NS NS NS 
Entry 
MnUC-Cargo 5.32 4.71 1.16 0.62 0.90 0.61 1.49 1.57 8.86 7.51 16.37 
UC-Cargo 4.86 4.63 1.16 0.60 0.80 0.56 1.31 1.43 8.13 7.22 15.35 
LSDg 0.37 NS NS NS 0.08 NS 0.13 0.13 0.52 NS 0.81 
^NS = nonsignificant. 
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dry matter (P<0.05) than the 4.86 mt ha ^ yield of UC-Cargo 
(Table 1.7). Differences in forage yield between these 
entries were not observed in 1981. 
Crown dry matter accumulation was affected by cutting 
management and nonwinter-dormant entry (Table 1.7). In 
1980, plots cut according to the bud cutting management 
yielded significantly less crown biomass than those subjected 
to the other three cutting managements. Crown yields were 
more variable in 1981, and differences due to cutting manage­
ment were not observed. 
Root dry matter accumulation was lower in nonwinter-
dormant alfalfa subjected to the bud cutting management than 
to any of the other cutting managements in 1980 (Table 1.7). 
In 1981, the ranking of cutting managements with respect to 
root mass was different than in 1980 (Table 1.7). The change 
in ranking may have been the result of unmonitored cutting 
management by environment interaction. 
Crown yields were greater (P<0.05) in MnUC-Cargo than in 
UC-Cargo in 1980, but differences due to entry were not sig­
nificant in 1981 (Table 1.7). Root yields were greater 
(P<0.05) for MnUC-Cargo than for UC-Cargo in both seasons. 
These results are in agreement with those of Heichel and 
Barnes (1983) who reported greater root and crown yields in 
MnUC-Cargo under a single unspecified management in Minnesota. 
The present study demonstrates that MnUC-Cargo, the result 
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of two cycles of selection from UC-Cargo for increased root 
and crown mass, exhibits a tendency for greater crown mass 
and accumulates greater root dry matter than UC-Cargo under 
a variety of cutting managements in Iowa. 
Total yearly or two-year biomass yields were not af­
fected by cutting schedule (Table 1.7). Total two-year bio­
mass yields were greater (P<0.05) for MnUC-Cargo than for 
UC-Cargo. This difference can be attributed to a tendency 
for greater forage, root, and crown yields by MnUC-Cargo. 
Forage, Stubble, Crown, and Root N Concentrations 
Winter-dormant cultivars 
The mean N concentrations of alfalfa forage, weighted 
to reflect contributions from the individual harvests within 
a cutting management, were affected by cutting management 
and cultivar (Table 1.8). Greatest N concentrations were 
obtained from the bud cutting management (35.4 g kg ^) and 
lowest from the early-pod cutting management (ca, 28 g kg"^) 
in both seasons. Spredor 2 contained higher concentrations of 
N (P<0.05) than any of the other cultivars. 
Nitrogen concentrations in the crowns were lower and 
were affected less by cutting management and cultivar than 
forage N concentrations (Table 1.8). Nitrogen concentrations 
were greatest in crowns of plants subjected to the bud cutting 
management (25.5 g kg ^) and lowest in the first-flower 
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Table 1.8. Nitrogen concentrations of plant parts of 
winter-dormant alfalfa 
Treatment 
Forage^ Stubble Crown Root 
1980 1981 1981 1981 1981 
—g Kg 
Cutting management 
Bud 35.4 35.5 32.4 25.5 23.5 
First-flower 32.2 34.5 29.7 21.8 20.8 
Mid-flower 31.4 28.9 29.3 24.0 24.0 
Early-pod 28.5 27.2 26.1 22.7 21.8 
^^°0.05 1.0 0.6 1.2 1.5 
00 o
 
Cultivar 
Spredor 2 34.0 33.6 31.3 24.7 22.6 
Travois 31.0 30.2 28.5 22.5 22.7 
Vernal 31.9 31.4 29.4 23.2 21.7 
Tempo 30.6 30.7 28.2 23.7 23.0 
0.4 0.5 0.3 1.3 0.4 
^Values are weighted to reflect varying yields of in­
dividual harvests within cutting managements. 
cutting management (21.8 g kg"^). The mid-flower cutting 
management and early-pod cutting management were intermedi­
ate. Greatest crown N concentrations were found in Spredor 2 
and no differences were observed among the other three cul-
tivars. 
Root N concentrations were lower than those found in 
crowns, but were affected in a similar way by cutting manage­
ment and cultivar. Root N concentrations ranged from 20.8 
9 kg ^ for the first-flower to 24.0 g kg~^ for the mid-flower 
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cutting managements. Vernal contained 21.7 g kg ^ N, the 
lowest of all cultivars. Significant differences were not 
observed among the other three cultivars. Barnes (Univer­
sity of Minnesota, St. Paul, Minnesota, personal communica­
tion) also observed relatively lower concentrations of N in 
roots of Vernal compared to several other winter-dormant 
cultivars under a single unspecified management system. 
Neither large nor consistent differences in N concentrations 
due to root growth habit were observed. 
These data demonstrate that both cutting management and 
cultivar affect root and crown N concentrations. Differences 
in root and crown N concentrations were, however, not large 
and could not be attributed to root or crown growth habit. 
Nonwinter-dormant entries 
Forage N concentrations of the nonwinter-dormant alfalfa 
were affected by cutting management and entry (Table 1.9). 
Forage N concentrations (weighted means) tended to be greater 
under the more intensive cutting managements. MnUC-Cargo was 
slightly higher in N concentrations than UC-Cargo in 1981, but 
statistically significant differences were not observed in 1980, 
Crown N concentrations were greater in the nondormant 
entries than in the winter-dormant cultivars. The effect of 
cutting management on crown N concentrations varied with 
years (Table 1.9). In 1980, the bud cutting management re­
sulted in lowest crown N concentrations with no differences 
Table 1.9. Nitrogen concentrations of plant parts of nonwinter-dormant alfalfa 
Forage^ Stubble Crown Root 
Treatment 1980 1981 1980 1981 1980 1981 1980 1981 
g 
Cutting management 
Bud 35.5 34. 3 37.8 33.0 24.7 31.4 22.4 27.3 
First-flower 34.0 35.1 32.8 34.3 27.1 28.7 24.5 25.9 
Mid-flower 34.4 30.3 29.2 46.5 26.3 29.5 25.0 28.9 
Early-pod 31.8 29.7 37.8 36.8 27.0 33.2 24.0 29.4 
1.3 1.0 3.5 2.4 1.2 1.2 1.4 0.8 
Entry 
MnUC-Cargo 34.1 32.8 34.7 39.2 27.0 32.1 24.9 29.0 
UC-Cargo 33.8 31.9 34.2 36.1 25.6 29.3 23.1 26.7 
LSDq NS^ 0.4 NS 1.0 0.6 0.9 1.3 0.3 
^Values are weighted to reflect varying yields of individual harvests within 
cutting managements. 
Id NS = nonsignificant. 
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among the other three managements. In 1981, crown N concen­
trations were greatest in the early-pod, lowest in the first-
flower and mid-flower, and intermediate in the bud cutting 
management. Crown N concentrations were greater in MnUC-
Cargo than in UC-Cargo in both years. 
Root N concentrations were lower under the bud than the 
mid-flower or early-pod cutting managements in both years 
(Table 1.9). In 1981, root N concentrations of alfalfa sub­
jected to the first-flower cutting management were slightly 
lower than those in the bud cutting management. Root N con­
centrations were greater in MnUC-Cargo than UC-Cargo in both 
seasons. 
Different effects of cutting management on root and crown 
N concentrations in 1980 and 1981 suggest that factors not 
monitored in this experiment interacted with cutting manage­
ment. In contrast to the variable effect of cutting manage­
ment on root and crown N concentrations, the effect due to 
entry was quite consistent. Roots and crowns of MnUC-Cargo 
consistently contained higher concentrations of N than roots 
and crowns of UC-Cargo. 
Nitrogen Yields of Forage, Stubble, Crowns, and Roots 
Winter-dormant cultivars 
Forage N yield was greatest under the mid-flower cutting 
management (440 kg ha~^) in 1980, with no significant differ­
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ences among the other three cutting managements (Table I.10), 
In 1981, greatest forage N yield was obtained under the first-
flower cutting management (408 kg ha~^) with no significant 
differences among the other cutting managements. Nitrogen 
yield is, of course, a function of forage yield and N 
concentrations. 
The effect of cultivar on forage N yield varied between 
1980 and 1981, but there was tendency for the two, semipros-
trate cultivars, Spredor 2 and Travois, to yield lowest amounts 
of forage N. This is a result of low forage yields of Spredor 
2 and intermediate forage yields of relatively low N concen­
trations of Travois. 
Spredor 2 yielded lowest amounts of crown and root N, a 
direct result of lower dry matter yields in these plant parts, 
than the other cultivars (Table I.10). Travois, Vernal, and 
Tempo did not differ significantly in either root or crown N 
yields. 
Because of the small variability in root and crown N con­
centrations resulting from cutting management, N yields of 
these parts were closely related to dry matter yields. The 
trend for N yield as affected by cutting management for both 
roots and crowns was: mid-flower > bud = early-pod > first-
flower. 
Total N accumulated in forage, stubble, roots, and crowns 
from August 1979 to November 1981 was greatest under the mid-
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Table I.10. Nitrogen yields of plant parts and total N 
yields of winter-dormant alfalfa 
Forage 
Treatment 1980 1981 
Stubble Crown Root 
1981 1981 1981 
Total 
1980+ 
1981 
•kg ha -1 
Cutting management 
Bud 
First-flower 
Mid-flower 
Early-pod 
LSDO.05 
374 352 18 27 47 819 
360 408 13 18 33 832 
440 356 15 36 64 910 
365 356 16 26 47 812 
31 24 3 5 8 72 
Cultivar 
Spredor 2 
Travois 
Vernal 
Tempo 
LSDG.oS 
380 344 17 23 39 802 
361 366 15 28 52 823 
409 375 17 29 47 877 
390 388 14 28 53 872 
16 13 3 4 6 54 
flower cutting management (Table I.10). Of the total 910 
kg ha~^ N accumulated, 115 kg ha~^ was in the roots, crowns, 
and stubble, and after plowing, would potentially be avail­
able to future crops. Spredor 2 and Travois yielded less 
2-year total plant N than the erect, tap-rooted cultivars. 
Tempo and Vernal. These differences can be attributed mainly 
to differences in forage N yields. 
Differences in root and crown N accumulation among cul­
tivars or among cutting managements had a relatively small 
effect on total N accumulation compared to the effect of 
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differences in forage N accumulation. If there is a desire 
to incorporate more N into the soil for use by subsequent 
crops, including more top growth in the plowed down portion 
of the plant would be more effective than cultivar selection 
or management for higher root and crown N yield. On the other 
hand, if the objective is to obtain greater total N yields, 
cultivar selection and cutting management are of significant 
importance. 
Nonwinter-dormant entries 
The early-pod cutting management produced lower annual 
forage N yields than the other three cutting managements in 
1980 (Table I.11). In 1981, lowest forage N yields were ob­
tained from the early-pod and mid-flower cutting managements. 
Forage N yields of MnUC-Cargo were slightly greater (P<0.05) 
than those of UC-Cargo in 1980, but statistically significant 
differences were not observed in 1981. 
There was little variability in crown N yield resulting 
from cutting management, but the early-pod cutting management 
was always among the highest grouping. MnUC-Cargo had greater 
(P<0.05) crown N yields than UC-Cargo in both seasons. 
Root N yields were affected differently by cutting man­
agement in 1980 than in 1981 (Table I.11). In 1980, the bud 
cutting management yielded lower amounts of root N than the 
other three managements. In 1981, the first-flower cutting 
management yielded lowest and the early-pod cutting management 
Table I.11. Nitrogen yields of plant parts and total N yields of nonwinter-
dormant alfalfa 
Treatment 
Forage Stubble Crown Root 
Yearly 
total 
2-yr 
total 
1980+ 
1981 1980 1981 1980 1981 1980 1981 1980 1981 1980 1981 
Cutting management 
Bud 180 191 42 19 17 19 24 44 263 273 536 
First-flower 189 170 34 18 23 14 37 30 283 232 515 
Mid-flower 182 129 30 36 24 18 38 40 274 212 486 
Early-pod 142 119 55 21 25 22 36 55 258 226 484 
LSDO.OS 34 35 6 6 3 5 7 10 NS^ 38 NS 
Entry 
MnUC-Cargo 181 156 40 25 24 20 37 46 283 246 529 
UC-Cargo 165 149 40 22 20 17 30 38 256 226 482 
TSDO.05 12 NS NS NS 2 2 3 4 17 15 35 
^NS = nonsignificant. 
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greatest amounts of root N. The differences in trends between 
years are likely due to differences in environmental condi­
tions, but these effects were not studied. Root N yields were 
greater in MnUC-Cargo than in UC-Cargo in both years. 
The intensity of cutting management did not consistently 
affect yearly total N yields (sum of forage, stubble, roots, 
and crowns) between the two years, and had no effect on the 
two-year total N yields (Table I.11). Distribution of N 
within the plant was also not consistently affected by cutting 
management. These data downplay the importance of cutting 
management when growing nonwinter-dormant alfalfa for total 
plant N accumulation. 
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SUMMARY AND CONCLUSIONS 
This study was conducted at the Iowa State University 
Agronomy and Agricultural Engineering Research Center in 
Boone County, Iowa. The overall objective was to evaluate 
six alfalfas as sources of forage and as N accumulators under 
four different cutting managements based on maturity. The 
alfalfas used included two tap-rooted, erect-growing culti-
vars—Vernal and Tempo; two root-proliferating, semiprostrate 
cultivars—Spredor 2 and Travois; and two nonwinter-dormant 
entires—UC-Cargo and MnUC-Cargo. The four managements in­
cluded cutting appropriate plots each time the alfalfa reached 
the bud, first-flower, mid-flower, or early-pod stage of 
development. 
Winter-dormant Cultivars 
With winter-dormant cultivars, greatest concentrations 
of IVDDM were found in alfalfa subjected to the bud cutting 
management. Lowest forage dry matter yields and IVDDM yields 
were also obtained under this management. Yields of IVDDM, 
which are dependent on IVDIM concentrations and dry matter 
yield, were greatest with the mid-flower cutting management 
in 1980, and similar among the first-flower, mid-flower, and 
early-pod managements in 1981. Concentrations of IVDI34 de­
creased with increasing maturity at time of cutting in both 
seasons. Spredor 2, a cultivar with a semiprostrate growth 
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habit, contained greater concentrations of IVDDM than the 
other three winter-dormant cultivars under all harvest man­
agements in both seasons. This cultivar also tended to have 
lower dry matter and IVDDM yields than the other three. 
Nitrogen accumulation in alfalfa is dependent on N2 
fixation, N uptake from the soil, N concentration in the 
herbage, and herbage biomass. Symbiotically fixed N and 
soil-derived N were not differentiated in this experiment, 
but Heichel (1982b) has shown that 40 to 60% is a reason­
able estimate for the proportion of alfalfa N derived from 
symbiosis. This estimate should be kept in mind when con­
sidering the N accumulation data from this experiment. 
Greatest total plant N accumulation over a two-year 
period occurred under the mid-flower cutting management. Of 
the 910 kg ha ^ of N accumulated in alfalfa under this manage­
ment, 796 kg was in the forage and 114 kg was in the root + 
crown + stubble portion of the plant. The latter portion is 
that which is normally incorporated into the soil, providing 
N for subsequent crops in rotations. 
The amount of N accumulated in the root + crown + stubble 
ranged from 64 kg ha ^ under the first-flower cutting manage­
ment to 114 kg ha ^ under the raid-flower management. Inclu­
sion of a portion of N-rich forage as green manure would sup­
plement these values and provide a greater N contribution to 
the soil. 
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Contrary to expectations, the root-proliferating culti-
vars did not have higher root and crown dry matter or N yields 
than the other cultivars. Spredor 2, in fact, performed 
poorest among the four winter-dormant cultivars with respect 
to these traits. The root-proliferating tendency is greatest 
under sparse plant densities and may not have been fully ex­
pressed under the conditions of this experiment. 
This study demonstrated that, in winter-dormant alfalfa, 
maximum forage production, root and crown mass, and N yields 
of these plant components were favored by the mid-flower 
cutting management. Maximum IVDDM and N concentrations, 
however, were favored by cutting winter-dormant alfalfa in 
the bud stage. Cultivar differences existed for all traits 
measured and cultivar by cutting management interactions 
did not usually occur. 
Nonwinter-dormant Alfalfa 
Nonwinter-dormant alfalfa, treated as an annual in this 
experiment, was quite unpredictable in response to cutting 
managements. Differences between years in response to cutting 
managements suggest that unmonitored environmental factors had 
as great an effect on the several parameters of alfalfa per­
formance measured as did the cutting managements. Seeding-
year alfalfa is more sensitive to environmental stresses, 
especially moisture stress, than established alfalfa. 
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Concentrations and yields of IVDDM tended to be the 
lowest under the early-pod cutting management with small or 
inconsistent differences among the other three managements 
over the 2 years of this study. There was also a tendency 
for lowest forage yields to occur under the early-pod manage­
ment. That cutting at the bud or early-flower stage resulted 
in greatest forage yields is a result of the rapid regrowth 
characteristic of nonwinter-dormant alfalfa. 
Root and crown dry matter yields, N concentrations, and 
N yields were consistently high in the early-pod cutting 
management and ranking was variable among the other three 
managements between years, MnUC-Cargo had greater root and 
crown dry matter accumulation, N concentrations, and N yields 
than did UC-Cargo. These findings demonstrate that the se­
lection for these traits by Barnes et al. (University of 
Minnesota, St. Paul, Minn., personal communication) was effec­
tive over a wide variety of cutting managements. 
Nonwinter-dormant alfalfa shows promise as a forage 
legume for use in short rotations in Iowa even though annual 
forage yields were only about half of what could be obtained 
from perennial stands. It was interesting that single-season 
N accumulation in the stubble, crown, and roots in the top 25 
cm of soil can be equal to that of a 2-year-old stand of 
winter-dormant alfalfa. This waR a result of greater N con­
centrations in these plant components of the nonwinter-dormant 
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entries. Other positive aspects are that nondormant alfalfa 
continues to grow and fix N into October, long after the 
activity of winter-dormant cultivars has diminished. 
A negative aspect of nonwinter-dormant alfalfa is that 
lines now available are generally more susceptible than 
adapted cultivars to leaf and stem diseases common in the 
humid midwest. This could have negative effects on yields 
and quality of forage and N accumulation in the root and crown. 
Production of reasonable yields of alfalfa in the seeding year 
requires adequate spring and summer soil moisture. And 
finally, although the two nonwinter-dormant alfalfa lines 
evaluated in this study were weakened by winter, it is un­
likely that the stands were weakened enough to allow no-till 
planting of corn or other crops into the alfalfa sod. 
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PART II. INFLUENCE OF MATURITY ON LEAF : STEM RATIO, 
CHEMICAL COMPOSITION, AND IN VITRO 
DIGESTIBLE DRY MATTER OF 
TWO ALFALFA CULTIVARS 
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INTRODUCTION 
Ruminants, because of their unique anatomy and pregastric 
fermentation, are able to utilize feed sources that are not 
competitive with either nonruminant or human use. Forages 
can be the major or sole source of energy and protein for 
ruminants, and alfalfa (Medicaqo sativa L.) has proven to be 
a superior species for this purpose (Jorgensen and Howard, 
1981). 
The portion of the alfalfa plant that is utilized as 
forage is a mixture of leaves and stems whose proportions vary 
with environmental conditions (Smith, 1970; Marten, 1970; 
Vough and Marten, 1971) and advancing maturity (Mowat et al., 
1955). Because they play unique roles in assimilation, 
transport, and support, leaves and stems can differ to a large 
degree in chemical composition. Alfalfa leaves contain a 
greater concentration of nutrients and are more extensively 
digested than stems (Terry and Tilley, 1964; Mowat et al., 
1965; Smith, 1970; Barnes and Gordon, 1972; Hacker and 
Minson, 1981). 
Because stems decrease in digestibility and increase in 
proportion with maturation, it is apparent that stems assume 
a greater influence on the forage quality of alfalfa than do 
leaves. With this in mind, it was suggested that a reasonable 
goal for plant breeders would be to develop cultivars with 
high leaf contents (Terry and Tilley, 1964; Mowat et al.. 
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1955). Taking a different approach, Shenk and Elliott (1971) 
demonstrated that increased stem digestibility could success­
fully be selected for in a breeding program. In these selec­
tions, greater stem digestibility was associated with shorter 
stems, less upright growth habit, and lower concentrations of 
cell wall constituents. 
The cell walls or structural components of plants consist 
largely of polysaccharides with lesser amounts of lignin and 
protein. During maturation, there is a secondary thickening 
and lignification of some cell walls, especially in those 
cells associated with support or water transport (Esau, 1977). 
Lignification has been shown to be the major factor limiting 
digestibility of plant cell wall polysaccharides (Gaillard, 
1962; Morrison, 1979). This effect is thought to be mediated 
by covalent bonding between lignin and xylans, especially 
those xylans with high xylose:arabinose ratios (Morrison, 
1974, 1980) and physical separation of appropriate enzymes 
or microorganisms from cellulose (Morrison, 1979). 
It has been demonstrated that in timothy (Phleum pra-
tense L.), the composition of structural polysaccharides and 
the concentration of lignin are associated with maturity 
(Lindgren et al., 1980). A detailed study of changes that 
occur with maturation in hemicellulosic polysaccharide compo­
sition and lignin concentration of 10 temperate grass culti-
vars was published by Morrison (1980). In both of these 
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reports, increases in the xylose:arabinose ratios and lignin 
concentrations with advancing maturity were noted. 
For forage legumes, there is considerable information 
available on cell wall content derived from the detergent 
fiber scheme and some information on structural polysaccharide 
composition at isolated growth stages. Very limited informa­
tion is available on changes in structural polysaccharide 
composition with maturation or differences in structural poly­
saccharide composition among cultivars. 
The objectives of this study were to characterize changes 
that occur with maturity in leaves and stems of alfalfa with 
respect to (a) conventional forage quality parameters and 
(b) structural polysaccharide composition. A comparison was 
made between an upright, coarse-stemmed cultivar and a shorter 
stemmed cultivar with a more prostrate growth habit. 
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MATERIALS AND METHODS 
Site Characteristics 
The field portion of this study was conducted at the 
Iowa State University Agronomy and Agricultural Engineering 
Research Center, Boone County, Iowa. Soil at the site is a 
Webster silty clay loam (mixed mesic typic Haploquoll) with a 
pH range f rom 6.6 to 6.9. 
Establishment, Fertilizer Application, and 
Experimental Design 
Two cultivars of alfalfa, 'Spredor 2* and 'Tempo', were 
seeded in 20-cm rows at a rate of 15 kg ha~^ in August 1979. 
These cultivars differed in growth habit, Spredor 2 having 
prostrate to semiprostrate stems with much branching and 
Tempo having upright stems with sparse branching. Plot size 
was 5 X 1.5 m. The alfalfa was harvested three times at the 
early-pod stage in 1980 for another experiment. Applications 
of K at 250 kg ha ^ and P at 40 kg ha ^ were made in the sum­
mer of 1979 and the springs of 1980, 1981, and 1982. Culti­
vars were treated as whole-plots and sampling dates as sub­
plots in a split-plot design with four blocks. 
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Climatological Data 
Great differences in precipitation were observed between 
the 2 years that this study was conducted (Table II.1). In 
1982, as compared to 1981, approximately 2.5 times more pre­
cipitation fell from the first of the year to the week prior 
to the first plant sampling. During the 7- or 8-week sampling 
period, the average weekly rainfall was five times greater 
in 1982 than in 1981. The distribution of rainfall within the 
respective sampling periods was quite uniform for both years. 
These rainfall patterns provided a unique opportunity to make 
observations on the composition of alfalfa grown under field 
conditions of adequate and limiting soil moisture. 
Field Sampling and Sample Preparation 
The two cultivars of alfalfa were sampled from 40 x 60-
cm quadrats in each plot by cutting with a hand shears to a 
stubble height of 5 cm. Harvests were taken at 7 weekly 
intervals beginning on April 30 in 1981, and at 8 weekly 
intervals beginning on May 10 in 1982. This cutting schedule 
provided a range of maturities from the vegetative to the 
early-pod stages of development. In both seasons, a few floral 
buds were visible in each plot by the second harvest date. 
This was defined as the early-bud stage. A scale based on the 
number of weeks from the early-bud stage was used to present 
the data in tables and graphs. Samples of approximately 1 kg 
Table II.1. Average maximum and minimum daily temperatures and precipitation 
totals for week preceding each harvest. Agronomy and Agricultural 
Engineering Research Center, Boone County, Iowa—1981, 1982 
Climatological 
f actor Year 
Week prior to harvest 
Avg 
Max. daily 1981 26.8 21.2 17.8 22.8 24.6 28.4 29.8 24.5 
temp. (°C) 1982 24.4 22.2 20.8 21.7 2 2 . 2  24.9 23.6 27.6 23.5 
Min. daily 1981 7.6 7.4 4.1 6.7 11.6 12.7 15.2 9.3 
temp. (°C) 1982 10.6 14.5 11.6 13. 2 10.2 11.9 12.1 14.1 12. 3 
Precipitation 1981 ( 78)3 0 51 28 94 81 10 102 53 
(mm) 1982 (203)3 297 434 516 302 58 89 432 0 267 
Precipitation from January 1 until week prior to first harvest. 
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were immediately frozen and stored at -15 C until freeze-
drying within 6 days of harvest. After freeze-drying, the 
leaves were separated from stems with inclusion of petioles, 
buds, and flowers in the leaf fraction, as discussed by Pick 
and Holthausen (1975). The leaves and stems were ground with 
a Udy mill to pass a 1-mm screen and stored at -15 C until 
biological and chemical analyses. Dry matter content of the 
material was determined and all results were calculated on a 
dry matter basis. 
Crude Protein, In Vitro Digestible Dry Matter, 
and Van Soest Fiber Analyses 
Crude protein concentrations were calculated (N x 5.25) 
following N analysis via the semimicro-Kjeldahl procedure 
(Bremner, 1965). In vitro digestible dry matter (IVDDM) was 
determined via a direct-acidification, two-stage procedure 
(Marten and Barnes, 1980). Cell wall constituents (CWC), 
acid detergent fiber (ADF) and acid detergent lignin (lignin) 
were determined by the methods of Goering and Van Soest (1970) 
with the elimination of decalin and sodium sulfite as proposed 
by Van Soest and Robertson (1980). 
Polysaccharide Analyses 
Preparation of ethanol insoluble residue 
Ethanol insoluble residue (EIR) was prepared, with slight 
modifications, according to the method of Theander and Aman 
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(1979b). Ground, freeze-dried plant material (3.000g) was 
refluxed two times with 80% (v/v) ethanol (150 ml for 0.5 h 
each time) on a boiling water bath, to remove low molecular 
weight carbohydrates. After each extraction, the sample was 
filtered with low vacuum on a 50-ml, coarse-porosity, Gooch 
crucible and washed twice with 50 ml of 80% ethanol. Cruci­
bles with residue were then filled with 40 ml of chloroform, 
stirred with a glass rod, and allowed to set for 10 minutes 
before filtering under low vacuum. After repeating the chloro­
form extraction step, residues were rinsed twice with 50 ml of 
80% ethanol and dried at 55 C. Moisture contents of the EIR 
were determined to later allow calculation of sugar concen­
trations on a dry matter basis. 
Analysis of neutral sugar constituents 
The procedure used for the analysis of neutral sugars 
was based on those of Swardeker et al. (1965), Albersheim 
et al. (1957), Sloneker (1971), Selvendran et al. (1979), and 
Theander and Aman (1982). Samples of EIR (200 mg) were 
weighed into 25 x 150-mm screw-capped test tubes, vortexed 
with exactly 2.0 ml of 24.0 N sulfuric acid and a glass bead, 
and allowed to set for 2 h at approximately 24 C. After add­
ing 30 ml water to dilute the acid to 1.5 N, tubes were 
capped with Teflon-lined caps and heated in a boiling water 
bath for 3 h. Tubes were shaken at least two times during 
this period. After hydrolyzates cooled, 18 mg of myo-
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inositol in 2 ml water was added to each tube as an internal 
standard. The tube contents were then thoroughly mixed, 
transferred to 125-ml Erlenmeyer flasks, and neutralized in 
two steps. First, approximately 6.5 g powdered barium hy­
droxide was added and flasks were swirled several times over 
a 10-minute period. Then, approximately 3.7 g barium carbon­
ate was added and tubes were swirled until the pH of solutions 
stabilized in a range of 6 to 7 as indicated by pH paper. 
If neutralization did not occur within 10 minutes, additional 
barium carbonate was added in small amounts to achieve the 
desired pH. The hydrolyzates were then filtered with no 
vacuum on Whatman #42 paper to remove barium salts, and two 
4-ml aliquots of the filtrate were transferred to separate 
16 X 150-mm screw-capped tubes. Samples were carried through 
the rest of the procedure in duplicate. 
Aldoses in the filtrate were reduced by addition of 
sodium borohydride (40 mg in 1.0 ml water) and reacting at 
room temperature for 3 h. Excess sodium borohydride was 
destroyed by drop-wise addition of 1.0 N acetic acid and 
sonication until effervescence of hydrogen ceased. Sodium 
ions were removed by passing samples over columns composed of 
disposable Pasteur pipettes containing approximately 1 ml of 
Dowex-50x4-200-R cation-exchange resin in the hydrogen form. 
The test tubes were rinsed twice with 1 ml water and the 
rinse water was also passed over the column. The eluate was 
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collected in 16 x 150-min screw-cap test tubes and dried in 
vacuo at 40 C on a Buchler Vapo-Mix modified to accept 
screw-cap tubes. Borate ions were removed as trimethyl borate 
by reconstituting the samples in 2 ml of methanol and taking 
to dryness in vacuo at 40 C. This step was repeated four 
times (Albersheim et al., 1967). Acetylation of the alditols 
was performed by adding 1 ml pyridine and 1 ml acetic anhy­
dride, sealing tubes with Teflon-lined caps, and heating at 
100 C for 3 h. The acetylated alditols were then subjected 
to gas-liquid chromatography (GLC). 
Gas-liquid chromatoqraphy 
Samples of 0.9 ml of the pyridine-acetic anhydride-
alditol acetate mixture were injected into a gas chromatograph 
(Varian 3700) fitted with a 2.0 m x 2.0 mm i.d. glass column 
packed with 3% SP-2340 on 100/120 Supelcoport. Column tem­
perature was 225 C. Nitrogen was used as the carrier gas at 
a flow rate of 30 ml min~^. The gas chromatograph was 
equipped with an auto sampler (Varian Series 8000) and a data 
integrator (Hewlett Packard model 3390A). 
The alditol acetate procedure, including the hydrolysis 
step, was performed on a mixture of known aldoses with each 
run of nine unknown samples to allow correction for hydrolytic 
losses as outlined by Sloneker (1972), Aldose concentrations 
of plant samples were calculated from peak heights using the 
response factor method of Sloneker (1972); 
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Aldose % = s) (height a) (C) (100) 
Aldose /o (height s) (mg unknown) 
where s and a represent the internal standard and aldose, re­
spectively. The term C represents the conversion factor for 
aldose to polysaccharide: 0.88 for pentoses and 0.90 for 
hexoses, and R represents a response factor obtained from 
the relation; 
R = (mg s) (height a) 
(mg a) (height s) 
The factor R is determined for each aldose by taking known 
aldoses through the analytical procedure beginning with the 
acid hydrolysis step. Response factors are thus corrected 
for hydrolytic losses. 
Starch determination 
Starch analysis was accomplished basically by the method 
of MacRae (1971). Ethanol insoluble residue (1.000 g) was 
suspended in 12 ml of water in 50-ml volumetric flasks and 
autoclaved at 121 C for 1 h to gelatinize the starch. Starch 
was hydrolyzed to glucose by addition of 200 mg amylogluco-
sidase (Sigma, A-7255 from Rhizopus EC 3.2.1.3, 10,000 u g~^) 
in 25 ml sodium acetate-acetic acid buffer (pH 4.54) and 
incubation at 50 C for 40 h. Flasks were brought to volume 
with 4 mg ml ^ of benzoic acid, allowed to settle, and an 
aliquot was withdrawn for glucose analyses via glucose oxi­
dase (Flowzyme Glucose 500 nm, Worthington Diagnostics) and 
a Technicon AutoAnalyzer (Ralph Arnold, unpublished data. 
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Figure II.1). All glucose values obtained from GLC analysis 
were corrected for glucose derived from starch. 
Degradation of cell wall sugars by rumen microorganisms 
Stems of mid-flower alfalfa (Tempo) were analyzed for 
cell wall neutral sugar constituents before and after 48 h of 
in vitro rumen fermentation. The percentage of each sugar 
that was degraded by rumen microorganisms was calculated. 
Four replications of this experiment were conducted. The 
contribution of bacterial cell walls to the neutral sugar 
values was not determined. 
Figure II.1. Flow diagram for glucose analysis with Flozyme Glucose (500 nm) 
and Technicon AutoAnalyzer (Ralph Arnold, Department of Animal 
Science, Iowa State University, unpublished data) 
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RESULTS AND DISCUSSION 
Leaf and Stem Proportions 
As alfalfa matured from the vegetative stage to the early-
pod stage, the leaf ; stem weight ratio (LSWR) decreased from 
approximately 1.45 to 0.7 in a dry season (1981) and from 
1.30 to 0.5 in a season with normal precipitation (1982) 
(Figure II.2 and Table II.2). The magnitude of decrease in 
LSWR with maturation is consistent with results reported by 
Mowat et al. (1965) on 'Vernal' and 'DuPuits' alfalfa. The 
decrease in LSWR is a result of leaf senescence and abscission 
from the lower, shaded portions of the plants. A greater LSWR 
in 1981 than in 1982 is consistent with a report by Vough and 
Marten (1971) stating that soil moisture stress causes shorter 
stem internodes and smaller stem diameters, resulting in a 
decrease in the proportion of stems. The LSWR of Spredor 2 
was greater (P<0.05) than Tempo in 1981 but not in 1982 
(Table II.2). The major changes in LSWR of both cultivars 
in both years occurred during the period 1 week before the 
early-bud stage (vegetative) to 1 week post early-bud stage 
(late-bud). 
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Figure II.2. Leaf : stem weight ratios of two alfalfa culti-
vars as influenced by maturity 
Table 11,2. Leaf ; stem weight ratios of two alfalfa cultivars as influenced by 
maturity 
Weeks from early-bud stage 
Cultivar -10 1 2 3 4 5 5 Avg 
1981 
Spredor 2 1.56 1.23 0.97 0.96 0.96 0.82 0.70 1.03 
Tempo 1.32 1.06 0.89 0.87 0.82 0.84 0.73 0.93 
Avg 1.44 1.15 0.93 0.92 0.89 0.83 0.72 
LSD for cultivars averaged over weeks .06 
LSD for weeks averaged over cultivars .05 
C.v! {%) 5.51 
1982 
Spredor 2 1.43 0.92 0.69 0.57 0.50 0.48 0.50 0.61 0.71 
Tempo 1.22 0.85 0.67 0.54 0.45 0.52 0.53 0.54 0.67 
Avg 1.33 0.89 0.68 0.56 0.48 0.50 0.52 0.57 
LSD for cultivars averaged over weeks NS^ 
LSD for weeks averaged over cultivars .07 
C.V*. (%) 9.85 
^NS = nonsignificant. 
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Crude Protein Concentrations 
The rate of decline in crude protein (CP) concentration 
with maturation was similar for stems and leaves in both years 
(Figure II.3 and Tables II.3 and II.4). Stem CP concentra­
tions decreased by one-half as the plant matured from the 
vegetative to the early-pod stage in both years. Leaf CP 
concentrations decreased by one-fourth. The CP concentrations 
of Spredor 2 stems were slightly greater than of Tempo stems 
in both years (P<0.01). That the leaves in this study con­
tained 2.2 to 2.6 times more CP than the stems is in agree­
ment with Mowat et al. (1965). 
Although the rate and extent of decline of leaf CP was 
at first surprising, it is understandable considering that, 
as the plant matures, a greater proportion of the leaves are 
located in the lower and more shaded portion of the canopy. 
According to Mooney and Gulmon (1982), as leaf shading in­
creases, leaf protein concentration (especially ribulose bis-
phosphate carboxylase) declines in many species. Walgenbach 
et al. (1981) and Smith (1970) confirmed that this generally 
is the case in alfalfa. The decline is a result of N 
being translocated from leaves receiving low levels of light 
to younger, more active, leaves at the top of the canopy re­
ceiving higher levels of light (Mooney and Gulmon, 1982). 
Figure II.3. Crude protein concentrations of leaves (means 
of Tempo and Spredor 2) and stems of two al­
falfa cultivars as affected by maturity 
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Table II.3. Crude protein concentrations (g kg~^ dry weight) of stems of two 
alfalfa cultivars as affected by maturity 
Weeks from early-bud stage 
Cultivar -1 0 1 2 3 4 5 6 Avg 
1981 
Spredor 2 184 152 145 126 113 96 98 131 
Tempo 176 143 129 113 98 94 91 121 
Avg 180 148 137 120 105 95 95 
LSD Qg for cultivars averaged over weeks 8 
LSD for weeks averaged over cultivars 4 
C.v! (%) 3.43 
1982 
Spredor 2 192 177 163 147 128 116 108 98 141 
Tempo 188 162 153 136 131 116 110 103 137 
Avg 190 170 158 142 129 116 109 100 
LSD Qg for cultivars averaged over weeks 3 
LSD gg for weeks averaged over cultivars 7 
C.v! (%) 5.24 
Table II.4. Crude protein concentrations (g kg ^ dry weight) of leaves of two 
alfalfa cultivars as affected by maturity 
Weeks from early-bud stage 
Avg Cultivar -1 0 1 2 3 4 5 6 
1981 
Spredor 2 334 315 315 301 273 252 247 291 
Tempo 339 312 309 298 277 251 251 291 
Avg 337 313 312 300 275 251 249 
LSD Qc for cultivars averaged over weeks NS® 
LSD for weeks averaged over cultivars 3 
c.v! (%) 0. 59 
1982 
Spredor 2 338 322 318 311 297 260 258 274 297 
Tempo 351 326 322 316 304 261 256 284 302 
Avg 345 324 320 314 300 260 257 279 
LSD Qc for cultivars averaged over weeks NS 
LSD for weeks averaged over cultivars 7 
C.v! (%) 1. 61 
^NS = nonsignificant. 
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In Vitro Digestible Dry Matter Concentration 
Concentrations of IVDDM in alfalfa stems consistently 
declined with maturation in both cultivars in both years 
(Figure II.4 and Table II.5). Concentrations of IVDDM dropped 
from 750 to 480 g kg~^ under drier conditions of 1981, and 
from 750 to 525 g kg ^ in 1982, a year with more moisture. 
Similar declines in stem IVDDM with maturation were reported 
by Terry and Tilley (1964) and Mowat et al, (1965). 
The literature contains conflicting reports on the effect 
of moisture stress on forage digestibility (Wilson, 1983), 
For alfalfa stem IVDEM, reports of effects of soil moisture 
stress are rare and inconclusive, Vough and Marten (1971) 
reported that moisture stress had a positive effect on stem 
IVDDM of alfalfa harvested at the first-flower stage. Snaydon 
(1972) reported similar results with alfalfa, but the growth 
stage at harvest was not specified. The present study sug­
gests that low moisture availability may have a negative ef­
fect on stem IVDDM after alfalfa reaches the mid-flower stage 
(3 weeks past early-bud. Figure II.2). Though IVDDM concen­
trations were greater (P<0.01) in stems of Spredor 2 than in 
stems of Tempo in 1981, cultivar differences were not observed 
in 1982 (Figure II.4, Table 11,5). 
Concentrations of IVDDM were always greater in leaves 
than in stems (Figure II.4, Tables 11,5 and 11,6). These 
results agree with those of Mowat et al. (1965). Terry and 
Figure II.4. IVDDM concentrations of leaves and stems of 
two alfalfa cultivars as affected by maturity 
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Table II.5. IVDIM concentrations (g kg ^ dry weight) of stems of two alfalfa 
cultivars as affected by maturity 
Weeks from early-bud stage 
Cultivar -1 0 1 2 3 4 5 6 Avg 
1981 
Spredor 2 751 694 662 628 572 511 485 615 
Tempo 730 661 614 586 536 490 479 585 
Avg 741 677 638 607 554 500 482 
LSD^OS for cultivars averaged over weeks 14 
LSD.OS for weeks averaged over cultivars 12 
C.V. (%) 1.90 
1982 
Spredor 2 772 689 632 623 564 560 554 514 614 
Tempo 763 663 637 597 589 557 563 526 612 
Avg 768 676 635 610 576 559 559 520 
lao.OS for cultivars averaged over weeks NS^ 
LSD.05 for weeks averaged over cultivars 12 
C.V. (%) 2.01 
^NS = nonsignificant. 
Table II.6. IVDEM concentrations (g kg~^ dry weight) of leaves of two alfalfa 
cultivars as affected by maturity 
Cultivar 
Weeks from early-bud stage 
Avg -1 0 1 2 3 4 5 6 
1981 
Spredor 2 829 834 829 820 814 797 797 817 
Tempo 818 833 820 823 820 804 799 817 
Avg 824 834 825 821 817 801 798 
LSD,o5 for cultivars averaged over weeks NS^ I 
LSD.05 for weeks averaged over cultivars 5 
C.V. (%) 0. 64 
1982 
Spredor 2 807 793 770 763 766 786 788 773 780 
Tempo 809 782 774 762 770 788 780 765 779 
Avg 808 787 772 762 768 787 784 769 
LSD.05 for cultivars averaged over weeks NS 
LSD.05 for weeks averaged over cultivars 8 
C.V. (%) 1. 08 
^NS = nonsignificant. 
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Tilley (1964), however, reported that stems of very immature 
alfalfa can be as digestible as leaves. Leaf IVDDM varied 
only slightly with maturity and there were no differences 
between cultivars in the present study. 
Cell Wall Constituent, Acid Detergent Fiber, 
and Lignin Concentrations 
Concentrations of CWC increased steadily in alfalfa 
stems with maturation (Figure II.5). Although this increase 
was expected, changes in concentration of stem CWC at weekly 
intervals from the vegetative to the early-pod stage have not 
previously been reported. From Figure II.5, it is apparent 
that the rate of change in CWC prior to mid-bloom (3 weeks 
post early-bud) is greater than the rate of change after mid-
bloom. Concentrations of CWC in whole alfalfa plants have 
been reported to increase with maturation from vegetative to 
the ripe-seed stage (Ferebee et al., 1972). This increase, 
however, was a reflection of changes in the proportion of 
leaves as well as changes in stem composition. Cell wall con­
stituent concentrations were greater (P<0,01) in Tempo than in 
Spredor 2 stems in both years (Table II.7). Concentrations 
of CWC in leaves were similar for both cultivars and there 
was a slight but statistically significant (P<0.01) increase 
with maturation (Figure II.5, Table II.8). 
Changes in ADF concentrations followed similar trends to 
Figure II.5. CWC and ADF concentrations of alfalfa stems 
and leaves (means of Spredor 2 and Tempo) as 
affected by maturity 
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Table II.7, CWC concentrations (g kg"^ dry weight) of stems of two alfalfa 
cultivars as affected by maturity 
Weeks from early-bud stage 
Cultivar -1 0 1 2 3 4 5 6 Avg 
1981 
Spredor 2 382 434 462 502 569 606 621 511 
Tempo 409 478 511 555 606 628 643 547 
Avg 395 456 487 529 588 617 632 
LSD.05 for cultivars averaged over weeks 9 
tao.os for weeks averaged over cultivars 9 
C.V. (9 i )  1.60 
1982 
Spredor 2 340 441 494 528 570 586 608 628 524 
Tempo 353 465 506 546 565 595 602 621 532 
Avg 346 453 500 537 567 590 605 624 
tao.os for cultivars averaged over weeks NS^ 
tao.os for weeks averaged over cultivars 11 
C.V. (5 0 2.11 
= nonsignificant. 
Table II.8. CWC concentrations (g kg~^ dry weight) of leaves of two alfalfa 
cultivars as affected by maturity 
Cultivar 
Weeks from early-bud stage 
Avg -1 0 1 2 3 4 5 6 
1981 
Spredor 2 188 185 181 190 207 223 224 200 
Tempo 182 184 183 187 198 215 215 195 
Avg 185 184 182 188 202 219 220 
1^0,05 for cultivars averaged over weeks 2 
LSD.05 for weeks averaged over cultivars 5 
C.V. (%) 2.59 
1982 
Spredor 2 190 206 209 220 223 221 227 232 216 
Tempo 179 203 203 216 212 218 233 232 212 
Avg 184 205 206 218 217 220 230 232 
tao.OS for cultivars averaged over weeks NS^ 
LSD.05 for weeks averaged over cultivars 5 
C.V. 2. 31 
^NS = nonsignificant. 
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those of CWC in both stems and leaves (Figure II.5, Tables 
II.9 and II.10). 
Lignin concentrations of alfalfa stems doubled with 
maturation in both years (Figure II.6). These concentrations 
were comparable for both years despite the great differences 
in precipitation. Spredor 2 stems had lower concentrations 
of lignin than Tempo stems (P<0.01) in both years (Table 11.11). 
Leaf lignin concentrations were not different between 
cultivars and increased only slightly with maturation in both 
years (Figure II.6, Table 11.12). Leaf lignin concentrations 
were one-half to one-fifth those found in stems. Increases 
in whole p]ant lignin with maturation reported by Jensen et 
al. (1967) were thus likely due to increased stem lignin con­
centrations and lower proportion of leaves in more mature 
alfalfa. 
Cell Wall Composition 
An estimate of cellulose can be obtained from the differ­
ence between ADF and lignin (Colburn and Evans, 1967). Hemi-
cellulose can be estimated by the difference between CWC and 
ADF (Colburn et al., 1968). These components and lignin can 
be expressed as a percentage of CWC to obtain an estimate of 
cell wall composition. Using these methods,, a slight decrease 
in cellulose concentration of stem cell walls with maturation 
was observed (Figure II.7). Concentrations of hemicellulose 
in stem cell walls did not change in 1981 and were variable 
Table II.9. ADF concentrations (g kg~^ dry weight) of stems of two alfalfa 
cultivars as affected by maturity 
Cultivar 
Weeks from earIv-bud stage 
Avg -1 0 1 2 3 4 5 6 
1981 
Spredor 2 302 350 365 403 450 479 483 404 
Tempo 329 382 405 441 479 497 510 435 
Avg 316 366 385 422 464 488 497 
for cultivars averaged i 3ver weeks 6 
05 for weeks averaged over cultivars 7 
C.V. (%) 1. 64 
1982 
Spredor 2 282 364 423 449 466 496 501 520 438 
Tempo 292 393 432 459 465 502 496 516 444 
Avg 287 378 428 454 465 499 498 518 
LSD.05 for cultivars averaged over weeks NS^ 
LSD. o s  for weeks averaged over cultivars 10 
C.V. {%) 2. 18 
^NS = nonsignificant. 
Table 11,10. ADF concentrations (g kg"^ dry weight) of leaves of two alfalfa 
cultivars as affected by maturity 
Weeks from early-bud stage 
Avg Cultivar -1 0 1 2 3 4 5 6 
1981 
Spredor 2 138 135 1135 138 144 149 161 143 
Tempo 132 131 135 131 137 145 151 137 
Avg 135 133 135 134 141 147 156 
LSD Qc for cultivars averaged over weeks 2 
LSD for weeks averaged over cultivars 4 
C,V.* (%) 1.90 
1982 
Spredor 2 147 160 159 164 160 144 149 167 156 
Tempo 138 155 152 159 149 145 153 171 153 
Avg 142 158 156 162 155 144 151 169 
LSD Qc for cultivars averaged over weeks NS^ 
LSD for weeks averaged over cultivars 5 
c.v! (%) 3.20 
= nonsignificant. 
104 
100 
•c (J3 
LU 80 
>-
cc 
a 
T 60 
3 
cm 
STEMS 1981 
STEMS 1982 
LEAVES 1981 
LEAVES 1982 
- 1 0  1 2  3  4  5  
WEEKS FROM EARLY BUD STAGE 
Figure II.6. Lignin concentrations of alfalfa stems and 
leaves (means of Spredor 2 and Tempo) as 
affected by maturity 
Table 11.11. Lignin concentrations (g kg ^ dry weight) of stems of two alfalfa 
cultivars as affected by maturity 
Weeks from early-bud stage 
Cultivar -1 0 1 2 3 4 5 6 Avg 
1981 
Spredor 2 48 58 64 75 88 98 105 76 
Tempo 58 68 76 87 99 104 109 86 
Avg 53 63 70 81 93 101 106 
LSD.05 for cultivars averaged ( over weeks 3 
LSD.05 for weeks averaged over cultivars 3 
C.V. (%) 3.41 
1982 
Spredor 2 41 58 73 83 91 95 103 109 82 
Tempo 45 66 77 84 89 101 104 106 84 
Avg 43 62 75 83 90 98 104 107 
LSD.05 for cultivars averaged i over weeks NS^ 
LSD 05 for weeks averaged over cultivars 2 
C.V. (9 i )  2.54 
= nonsignificant. 
Table 11.12. Lignin concentrations (g kg""^ dry weight) of leaves of two alfalfa 
cultivars as affected by maturity 
Weeks from early-bud stage 
Cultivar -1 0 1 2 3 4 5 6 Avg 
1981 
Spredor 2 27 26 28 30 31 34 33 30 
Tempo 26 26 29 29 28 30 30 28 
Avg 27 26 29 30 30 32 32 
LSD.05 for cultivars averaged over weeks NS^ 
tao.os for weeks averaged over cultivars 2 
C.V. (9 6) 5.14 
1982 
Spredor 2 30 31 32 37 34 33 33 37 33 
Tempo 25 31 31 36 32 32 36 38 33 
Avg 28 31 32 36 33 32 35 38 
LSD.05 for cultivars averaged over weeks NS 
:aD,05 for weeks averaged over cultivars 2 
C.V. (9 6) 5.90 
= nonsignificant. 
Figure II.7. Composition of alfalfa stem cell walls (means 
of Spredor 2 and Tempo) as affected by maturity 
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with no net change over maturities in 1982. The concentra­
tions of cellulose in stem cell walls were lower and hemi-
cellulose concentrations higher in the dry 1981 season than 
in 1982, a season with adequate precipitation. The propor­
tion of lignin in the stem cell walls was similar in both 
years and increased steadily with maturation. These results 
suggest that the main changes with maturation in stem cell 
wall composition are decreased cellulose and increased lignin 
concentrations with hemicellulose concentrations remaining 
constant. It thus appears that both maturation and soil 
moisture stress affect the carbohydrate (cellulose and hemi­
cellulose) composition and concentration of cell walls in 
alfalfa stems. The proportion of lignin in the stem cell 
walls was apparently not affected by moisture stress but in­
creased with maturity. 
In leaves, the concentration of cellulose of the cell 
walls decreased and that of hemicellulose increased with matura­
tion (Figure II.8). Leaf cell walls contained less cellulose 
and more hemicellulose than stem cell walls. The lignin con­
centration of leaf cell walls did not change with maturation 
and was nearly identical to the mean lignin concentration of 
stem cell walls. 
Figure II.8. Composition of alfalfa leaf cell walls (means 
of Spredor 2 and Tempo) as affected by maturity 
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Neutral Sugar Composition of Structural 
Polysaccharides 
Neutral sugar constituents of structural polysaccharides, 
as their alditol acetates, were rapidly (less than 10 min) 
separated and quantified by gas-liquid chromatography (Figure 
II.9). There has been some concern about solvent tailing and 
short column life associated with using pyridine on 3% SP-
2340 100/120 supelcoport packing (D. J. Nevins, Iowa State 
University, personal communication); however, neither of 
these problems proved to be serious in this laboratory. More 
than 400 samples were analyzed before column performance 
suddenly deteriorated. Repacking the first 15 cm resulted 
in like-new column performance. 
Even though precautions were taken to minimize amounts of, 
and variation in, starch concentrations of the plant material 
by sampling prior to 7:30 a.m. (Lechtenberg et al., 1971), 
starch concentrations ranged from 4.1 to 101.1 g kg~^ dry 
matter in leaves and from 2.4 to 13.6 g kg ^ dry matter in 
stems. Thus, to obtain values for glucose derived from struc­
tural polysaccharides, it was necessary to make corrections 
for glucose derived, from starch. Although this correction is 
sometimes not applied to analysis of forage structural poly­
saccharides, e.g., Lindgren et al. (1980), an analysis for 
starch should be performed before ignoring its contribution 
to the glucose values. 
Figure II.9. GLC separation of alditol acetates obtained 
from reference sugars (upper) and from a hy-
drolyzate of ethanol insoluable residue of 
alfalfa stems (lower); alditol acetates of 
peak l=rhamnose, 2=arabinose, 3=xylose, 4= 
mannose, 5=galactose, 6=glucose, 7=myo-inositol 
(internal standard) 
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Total neutral sugars liberated from the structural poly­
saccharides increased with maturation from approximately 300 
to 440 g kg"^ dry matter of alfalfa stems in both 1981 and 
1982 (Figure II.10, Tables 11.13 and 11.14). This change was 
a result of increasing concentrations of glucose from 185 to 
270 g kg~^ stem dry matter and increasing concentrations of 
nonglucose neutral sugars from 122 to 160 g kg"^ stem dry 
matter with maturation. Because the majority of plant struc­
tural polysaccharides are found in the secondary cell wall 
(Bailey^ 1973), it is understandable that concentrations of 
neutral sugars comprising the structural polysaccharides of 
alfalfa stems would increase as secondary thickening occurred 
with maturation. 
Concentrations of total neutral sugars hydrolyzed from 
structural polysaccharides of stems were similar for the dry 
1981 season and the wet 1982 season (Figure 11.10, Table 
11.13). This is consistent with research reported by Bailey 
(1971) stating that irrigation had no effect on the struc­
tural polysaccharide contents of alfalfa stems or leaves. 
Closer examination of the present data reveals that the 
structural polysaccharide composition did vary between years 
(Figure 11.10, Table 11.13). Greater glucose and lower non-
glucose sugar concentrations were associated with alfalfa 
stems grown in the dry year. Greater concentrations of total 
neutral sugars and glucose (P<0.05) were found in stems of 
Figure 11.10. Total neutral sugars, glucose, and nonglucose 
neutral sugars in structural polysaccharides 
expressed as a proportion of total dry matter 
(means of Spredor 2 and Tempo) 
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Table 11.13. Total neutral sugars, glucose, and nonglucose neutral sugars in 
stem structural polysaccharides expressed as g kg~^ stem dry weight 
Carbohydrate 
fraction Cultivar 
Weeks from early--bud stage 
Avg -1 0 1 2 3 4 5 6 
1981 
Total neutral Spredor 2 294 332 343 364 393 423 424 368 
sugars Tempo 321 356 367 396 429 436 439 392 
Glucose Spredor 2 175 203 212 229 247 266 265 228 
Tempo 197 223 231 253 278 277 279 248 
Nonglucose Spredor 2 119 128 131 135 146 157 159 140 
Tempo 124 133 136 143 151 159 160 144 
1982 
Total neutral Spredor 2 285 340 363 382 405 417 424 437 382 
sugars Tempo 292 354 370 396 406 422 422 431 387 
Glucose Spredor 2 174 221 241 258 274 284 286 293 254 
Tempo 180 233 247 271 278 289 287 291 259 
Nonglucose Spredor 2 112 119 123 124 131 133 137 144 128 
sugars Tempo 112 121 123 126 128 133 135 140 127 
Table 11.14. Summary of significance of differences for several traits in 
alfalfa stems 
1981 1982 
Cultivar C.V. Cultivar C.V. 
Trait Cultivar Week X week (%) Cultivar Week X week (%) 
(g kg~^ dry weight) 
Glucose * *  * *  NS^ 3.47 + * *  NS 3.33 
Nonglucose 
sugars + 
* *  NS 2.41 NS * *  NS 2.74 
Total neutral 
sugars (TNS) * *  * *  NS 2.66 + * *  NS 2.56 
(g kg"^ TNS) 
Rhamnose * *  * *  NS 4.39 *  * *  NS 5.13 
Arabinose * *  * *  NS 5.51 + * *  + 5.74 
Xylose NS * *  NS 3.74 NS * *  NS 3.19 
Mannose NS NS NS 10.01 NS NS NS 6.45 
Galactose * *  * *  NS 4.17 NS * *  NS 4.42 
Glucose * *  * *  NS 1.25 + * *  NS 1.27 
(ratio) 
Xylose/ 
arabinose 
** * *  NS 7.21 NS * *  NS 5.30 
^S = nonsignificant. 
+,*,**Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Tempo than of Spredor 2 in 1981 but cultivar differences 
were not observed in 1982 (Tables 11.13 and 11.14). 
The concentrations of neutral sugars hydrolyzed from 
leaf structural polysaccharides changed very little with 
maturation, and differences between years were small and in­
consistent (Figure II.10, Table 11.15). Differences in 
neutral sugar, glucose, or nonglucose sugar concentrations 
between cultivars were not observed in leaves (Tables 11.15 
and 11.16). It can be seen from Figure 11.10 that, on a dry 
matter basis, concentrations of total neutral sugars and their 
glucose and nonglucose components are more than two times 
greater in alfalfa stems than leaves. 
One of the most meaningful ways to look at the structural 
polysaccharides is to express the individual neutral monomers 
as proportions of the total hydrolyzed neutral sugars. It 
is seen in Figures 11.11 and 11.12 and Tables 11.14, 11.17, 
and 11.18 that the proportions of glucose and xylose in the 
neutral polysaccharide constituents of alfalfa stems increase 
markedly with maturation, Mannose and rhamnose concentrations 
remained fairly constant with maturation and arabinose and 
galactose concentrations decreased. It is obvious from 
Figures 11.11 and 11.12 that the majority of change in neutral 
monomer composition of the structural polysaccharides took 
place before the second week post early-bud stage (approximate­
ly first-flower) but the xylose concentrations continued to 
Table 11.15. Total neutral sugars, glucose, and nonglucose neutral sugars in leaf 
structural polysaccharides expressed as g kg~^ leaf dry weight 
Carbohydrate 
fraction 
Weeks from early-bud stage 
Cultivar -1 0 1 2 3 4 5 6 Avg 
1981 
153 147 152 149 156 172 170 157 
142 145 147 140 149 160 163 149 
87 86 88 87 92 102 99 92 
81 84 84 80 87 94 96 87 
66 61 64 62 64 70 70 65 
60 61 62 60 62 66 67 63 
1982 
154 160 163 164 162 153 154 171 160 
145 156 155 158 155 155 162 168 157 
91 98 99 99 96 90 87 99 95 
86 95 93 94 91 91 94 97 93 
63 62 64 65 67 64 66 72 65 
59 61 62 64 64 64 69 71 64 
Total neutral 
sugars 
Glucose 
Nonglucose 
sugars 
Total neutral 
sugars 
Glucose 
Nonglucose 
sugars 
Spredor 2 
Tempo 
Spredor 2 
Tempo 
Spredor 2 
Tempo 
Spredor 2 
Tempo 
Spredor 2 
Tempo 
Spredor 2 
Tempo 
Table 11.16. Summary of significance of differences for several triats in 
alfalfa leaves 
1981 1982 
Cultivar C.V. Cultivar C.V. 
Trait Cultivar Week X week (%) Cultivar Week X week (%) 
(g kg~^ dry weight) 
Glucose NS^ *  *  NS 3.86 NS * *  + 2.67 
Nonglucose 
sugars NS 
**  NS 1.84 NS * *  NS 2.29 
Total neutral 
sugars (TNS) NS * *  NS 2.79 NS * *  *  1.90 
(g kg"l TNS) 
Rhamnose NS NS NS 3.01 NS * *  NS 3.05 
Arabinose NS * *  NS 2.46 *  * *  NS 4.30 
Xylose * * *  NS 2.94 *  * *  NS 2.42 
Mannose NS NS NS 11.83 NS *  NS 5.86 
Galactose NS * *  NS 2.66 NS NS NS 2.69 
Glucose NS *  NS 1.20 NS * *  NS 1.37 
(ratio) 
Xylose/ 
arabinose 
* *  * *  NS 4.88 *  * *  NS 6.82 
= nonsignificant. 
+,*,**Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Figure 11.11, Monomer composition of total neutral sugars hy-
drolyzed from structural polysaccharides of al­
falfa stems (means of Spredor 2 and Tempo, 
1981) 
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Figure 11.12, Monomer composition of total neutral sugars hy-
drolyzed from structural polysaccharides of al­
falfa stems (means of Spredor 2 and Tempo, 
1982) 
Table 11.17. Monomer composition of total neutral sugars hydrolyzed from struc­
tural polysaccharides of alfalfa stems, 1981 
Weeks from early-bud stage 
Monomer Cultivar -1 0 1 2 3 4 5 6 Avg 
g monomer per kg total neutral sugars 
Rhamnose Spredor 2 16 14 14 13 13 12 12 14 
Tempo 14 13 13 13 12 11 12 12 
Arabinose Spredor 2 95 79 78 68 61 61 60 71 
Tempo 81 65 63 59 52 53 54 61 
Xylose Spredor 2 187 197 193 201 215 217 221 204 
Tempo 190 203 206 204 211 221 217 207 
Mannose Spredor 40 39 39 38 35 40 40 38 
Tempo 39 39 37 39 35 38 40 38 
Galactose Spredor 2 68 58 58 51 48 43 42 53 
Tempo 62 53 52 47 42 41 41 48 
Glucose Spredor 2 594 613 619 628 628 628 625 619 
Tempo 614 627 629 638 648 636 636 633 
Table 11.18. Monomer composition of total neutral sugars hydrolyzed from struc­
tural polysaccharides of alfalfa stems, 1982 
Weeks from early-bud stage 
Monomer Cultivar -1 0 1 2 3 4 5 6 Avg 
g monomer per kg total neutral sugars 
Rhamnose Spredor 2 16 13 12 11 11 11 11 11 12 
Tempo 15 12 12 11 10 11 11 11 11 
Arabinose Spredor 2 94 66 57 53 50 48 48 49 58 
Tempo 86 59 55 48 48 48 48 48 55 
Xylose Spredor 2 167 175 179 174 179 178 184 186 178 
Tempo 170 175 177 172 174 175 179 185 176 
Mannose Spredor 2 44 41 42 41 41 42 43 43 42 
Tempo 43 42 42 42 40 42 43 42 42 
Galactose Spredor 2 70 56 48 46 43 40 39 39 48 
Tempo 70 53 47 44 43 40 40 38 47 
Glucose Spredor 2 608 649 662 674 676 681 676 671 662 
Tempo 616 658 668 682 685 684 680 675 669 
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increase with maturation. 
The proportion of glucose in the neutral polysaccharide 
constituents of leaves (Figures 11.13 and 11.14; Tables 11.19 
and 11.20) was about 10% lower than found in stems (Figures 
11.11 and 11.12; Tables 11.17 and 11.18). Leaf xylose con­
centrations were about half and arabinose concentrations two 
times those of neutral polysaccharide constituents of stems. 
Galactose, mannose, and rhamnose concentrations in neutral 
polysaccharide constituents of leaves were about 1.25, 1.3, 
and 2 times greater, respectively, than in stems. The most 
striking difference in concentrations of neutral polysaccha­
ride constituents of leaves between years was an increase in 
the proportion of glucose with maturation in 1981 and a de­
crease in 1982 (Tables 11.19 and 11.20; Figures 11.13 and 
11.14). A greater prevalence of leaf diseases in 1982 may 
have mediated this difference between years. 
It is seen in Figure 11.15 that the proportion of non-
glucose sugars in neutral polysaccharide constituents was 
always greater in leaves than stems. The proportion of non-
glucose sugars in neutral polysaccharide constituents of 
stems was greater under the drier conditions of 1981 than in 
1982, a year with more precipitation. The proportions of 
nonglucose sugars were greater in stems of Spredor 2 than 
Tempo in both years. 
An increase in the xylose:arabinose weight ratio from 
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Figure 11.13. Monomer composition of total neutral sugars 
hydrolyzed from structural polysaccharides of 
alfalfa leaves (means of Spredor 2 and Tempo, 
1981) 
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Monomer composition of total neutral sugars 
hydrolyzed from structural polysaccharides of 
alfalfa leaves (means of Spredor 2 and Tempo, 
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Table 11.19. Monomer composition of total neutral sugars hydrolyzed from struc­
tural polysaccharides of alfalfa leaves, 1981 
Weeks from early-bud stage 
Monomer Cultivar -1 0 1 2 3 4 5 6 Avg 
g monomer per kg neutral sugars 
Rhamnose Spredor 2 30 31 32 32 31 30 30 31 
Tempo 31 30 32 32 32 30 32 31 
Arabinose Spredor 2 131 120 129 117 112 112 115 118 
Tempo 124 118 124 123 117 116 116 120 
Xylose Spredor 2 107 107 110 113 115 121 124 114 
Tempo 102 108 107 107 114 115 125 111 
Mannose Spredor 2 57 60 53 56 56 52 53 55 
Tempo 59 63 56 64 56 52 54 55 
Galactose Spredor 2 107 100 104 100 98 93 88 98 
Tempo 111 103 107 103 98 91 90 100 
Glucose Spredor 2 570 584 582 582 589 593 589 584 
Tempo 574 577 575 571 582 589 588 580 
Table 11.20. Monomer composition of total neutral sugars hydrolyzed from struc­
tural polysaccharides of alfalfa leaves, 1982 
Weeks from early-bud stage 
Monomer Cultivar -1 0 1 2 3 4 5 6 Avg 
g monomer per kg total neutral sugars 
Rhamnose Spredor 2 29 31 30 30 31 30 29 29 30 
Tempo 29 30 30 31 31 30 29 28 30 
Arabinose Spredor 2 119 96 96 99 109 111 122 117 109 
Tempo 121 99 105 104 112 110 118 118 111 
Xylose Spredor 2 100 98 99 102 103 102 104 110 102 
Tempo 95 100 94 100 98 101 101 107 100 
Mannose Spredor 2 59 61 66 62 62 67 66 62 63 
Tempo 58 61 66 64 64 70 68 67 65 
Galactose Spredor 2 103 100 101 103 107 106 105 105 104 
Tempo 106 103 106 107 108 103 107 lOo 105 
Glucose Spredor 2 591 614 608 604 589 585 575 578 593 
Tempo 590 608 599 595 587 586 577 580 590 
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Figure II.15. Proportion of nonglucose sugars in structural 
polysaccharides of alfalfa leaves and stems 
at different maturities 
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approximately 2.0 to 3.8 was observed with maturation in al­
falfa stems in both years (Figure 11.16). The lack of change 
in this ratio between early-bud and 1 week post early-bud 
in 1981 is associated with a weekly mean high temperature 
which was 4 C lower than in previous and subsequent weeks. 
This is an indication that temperature could have an effect 
on carbohydrate composition—likely through affecting the rate 
of growth or rate of maturation. In 1981, the xylose: 
arabinose weight ratio of stems was greater (P<0.01) in 
Tempo than Spredor 2 (Table 11.16). The ratio in alfalfa 
leaves was slightly less than one in both years and did not 
vary with maturity or cultivar. 
The xylose:arabinose ratio is a reflection of the degree 
of arabinose branching from the main xylose core (McNeil et 
al., 1975). Arabinoxylans of immature alfalfa stems thus have 
a greater number of arabinose branches than mature stems. 
The arabinoxylans of leaves appear to have a much greater 
degree of arabinose substitution than those of stems, based 
on their very low xylose:arabinose ratios. 
It has been reported by McNeil et al. (1975) that a lower 
degree of arabinose branching increases the propensity of 
formation of noncovalent bonds between the xylose backbone and 
cellulose. Such an association would increase the rigidity of 
cell walls as they mature. The effect of xylan-cellulose 
binding on carbohydrate degradation in the rumen has not been 
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Figure 11.16. Xylose;arabinose weight ratios of stems and 
leaves of alfalfa at various stages of 
maturity (means of Spredor 2 and Tempo) 
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studied. A negative relationship does exist, however, be­
tween xylan digestibility and low xylose:arabinose ratios in 
delignified and nondelignified grass. This is because 
arabinose side chains must be removed before the xylose core 
can be hydrolyzed (Brice and Morrison, 1982). 
An analysis of neutral sugars in the structural poly­
saccharides of alfalfa stems before and after i^ vitro rumen 
fermentation sheds some light on the nutritional significance 
of variation in structural polysaccharide composition (Table 
11.21). Approximately 50% of the total neutral sugars com­
prising the structural polysaccharides were degraded by rumen 
microorganisms. Great variability in degradation of the in­
dividual monomers was observed. Only 24% of the xylose, 46% 
of the mannose, and 54% of the glucose were removed by rumen 
microorganisms. Galactose, at 73%, was the most extensively, 
degraded monomer followed by arabinose, at 68%, and rhamnose, 
at 57%. These results differ from a similar analysis on 
wheat straw that showed the two major sugars, xylose and 
glucose, to be degraded to identical degrees (Aman and 
Nordkvist, 1983). 
It is interesting to note from Figures 11.11 and 11.12 
that, in alfalfa stems, two of the least digestible sugars, 
xylose and glucose, increase with maturation as a proportion 
of the total neutral polysaccharide constituents. Conversely, 
proportions of the two most extensively degraded sugars. 
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Table 11.21. Degradation of neutral polysaccharide con­
stituents of alfalfa stems by in vitro rumen 
f ermentation^ 
Polysaccharide constituent % degraded 
Total neutral sugars 
Rhamnose 
Arabinose 
Xylose 
Mannose 
Galactose 
Glucose 
^Stems from alfalfa at mid-flower. 
galactose and arabinose, decrease. 
Lindgren et al. (1980) found a similar decrease in 
galactose and arabinose as proportions of neutral polysac­
charide constituents with increasing maturity of timothy. 
They also reported a decrease in the proportion of glucose, 
in contrast to this author's findings in alfalfa stems. In 
maturing timothy, the increase in the proportion of xylose in 
the neutral polysaccharide constituents was greater than that 
observed in alfalfa stems. The ranking of sugars with respect 
to extent of degradation by rumen microorganisms was the same 
in timothy as that found in alfalfa stems. 
The reasons for differences in rumen degradation among 
49.3 
57.2 
67.8 
23.7 
46.3 
73.4 
53.7 
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the neutral sugars are not well understood. Evidence indi­
cates that carbohydrate relationships with lignin (Morrison, 
1974), phenolic acids (Hartley and Jones, 1977), acetic acid 
(Bacon et al., 1975), silica (Van Soest and Jones, 1968), and 
the relationship between the carbohydrates themselves (Brice 
and Morrison, 1982) can affect their utilization by rumen 
microorganisms. 
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SUMMARY AND CONCLUSIONS 
This experiment was conducted during two seasons to 
examine changes with maturation in chemical composition and 
IVDDM of leaves and stems of two alfalfa cultivars differing 
in growth habit. The two cultivars were Spredor 2, having 
a prostrate to semiprostrate growth habit and considerable 
stem branching, and Tempo, an upright coarse-stemmed cultivar 
with sparse stem branching. In 1981 and 1982, weekly harvests 
of first-growth alfalfa were initiated approximately a week 
prior to the early-bud stage of development and continued 
until the alfalfa reached the early-pod stage of development. 
In 1981, an early and very dry season, sampling commenced on 
30 April and ended 11 June, a period of 7 weeks. In 1982, 
a season of normal precipitation, the first of 8 weekly 
samples was taken 10 May and the last on 28 June. Because 
precipitation was distributed uniformly through the respec­
tive harvest periods, a unique opportunity was provided to 
make observations on the effects of soil moisture stress under 
field conditions. 
In both seasons, alfalfa forage had a LSWR of approximate­
ly 1.4 at 1 week before early-bud stage. The LSWR declined 
to 0.75 at the early-pod stage in the drier 1981 season and 
to 0.50 in 1982 when moisture was more abundant. In both 
seasons, 80% of the change in LSWR occurred by 1 week post 
early-bud (late-bud stage). The more prostrate Spredor 2 had 
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a greater LSWR than Tempo in 1981, but cultivar differences 
were not observed in 1982. 
Concentrations of stem IVDCM dropped from approximately 
750 to 500 g kg~^ dry matter with maturation from the vegeta­
tive to the early-pod stage in both seasons. Leaf IVDDM con­
centrations were similar for both seasons at approximately 
800 g kg ^ dry matter and changed little with maturation. 
Crude protein concentrations of stems dropped from ap­
proximately 190 to 90 g kg ^ dry matter and of leaves from 
approximately 350 to 250 g kg~^ dry matter with maturation in 
both seasons. Rates of decline in CP concentrations were 
similar for leaves and stems. Spredor 2 had slightly greater 
stem CP concentrations than Tempo in both seasons (P<0.05). 
In both seasons, concentrations of CWC, ADF, and lignin, 
as a proportion of stem dry matter, all increased with 
maturation. Concentrations of these components were greater 
in Tempo than Spredor 2 stems in 1981, but cultivar differ­
ences were not observed in 1982. Lignin and CWC, as a propor­
tion of leaf dry matter, increased with maturation, but ADF 
did not change. 
Estimates of proportions of cellulose, hemicellulose, 
and lignin were obtained from CWC, ADF, and lignin values. 
Season averages of approximately 660, 185, and 155 g kg ^ 
cell wall dry matter of cellulose, hemicellulose, and lignin, 
respectively, were found in stems. Cellulose concentrations 
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in stem cell walls declined with maturity in both seasons and 
were greater in the wet 1982 season than in the dry 1981 sea­
son. No net change with maturity in the hemicellulose con­
centrations of stem cell walls was observed; however, hemi­
cellulose concentrations were greater in 1981 than 1982. 
Lignin concentrations in stem cell walls increased with 
maturity and were similar in both years. Thus, maturation had 
an effect on cellulose and lignin but not on the hemicellulose 
concentrations of stem cell walls. Soil moisture stress 
tended to increase hemicellulose, decrease cellulose, and 
not affect the lignin concentrations of stem cell walls. 
Concentrations of cellulose in leaf cell walls decreased 
with maturity, hemicellulose increased, and lignin remained 
constant. The concentration of lignin in leaf cell walls was 
surprisingly similar to that of stem cell walls. 
An examination of the neutral sugar constituents of 
structural polysaccharides in alfalfa stems revealed an in-
crease in total neutral sugars from 300 to 450 g kg dry 
matter in both seasons. This change was mediated by increas­
ing concentrations of glucose from approximately 180 to 290 
g kg~^ dry matter and nonglucose neutral sugars from 120 to 
150 g kg~^ dry matter with maturation. Glucose and nonglucose 
neutral sugars derived from structural polysaccharides have 
been equated to cellulose and hemicellulose, respectively 
(Aman and Nordkvist, 1983). Lower concentrations of glucose 
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and higher concentrations of nonglucose sugars were found in 
the dry matter of alfalfa stems in the moisture-deficient 1981 
season than in 1982. Concentrations of total neutral sugars, 
glucose, and nonglucose sugars in alfalfa leaves changed very 
little with maturation and were about half of their respec­
tive values in stems. 
Nonglucose neutral sugars decreased as a proportion of 
the total neutral sugars in the structural polysaccharides of 
stems in both seasons. Nonglucose neutral sugars made up a 
greater proportion of the total neutral sugars of stems in the 
drier 1981 season than in 1982. The proportion of nonglucose 
sugars in the total neutral sugars was always greater in 
stems than leaves. 
When individual neutral sugars were expressed as a pro­
portion of total neutral sugars, increases in glucose and 
xylose with maturation were observed in both years. Arabinose 
and galactose concentrations decreased and concentrations of 
mannose and rhamnose remained constant. The majority of 
changes occurred by 2 weeks post early-bud stage (approximately 
first-flower) in both seasons. 
The xylose:arabinose weight ratio of stems increased 
from 2 to 3.8 with maturation, indicating a marked change in 
xylan composition. There is evidence suggesting that xylans 
with fewer arabinose side branches are more closely associ­
ated with lignin (Morrison, 1974, 1980). The xylose:arabinose 
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weight ratio of alfalfa leaves was approximately 0.9 and did 
not change with maturation. 
An analysis of alfalfa stems before and after _in vitro 
rumen fermentation revealed xylose to be the least digestible 
of the neutral polysaccharide constituents. The apparent di­
gestibilities of the six major cell wall neutral sugars were 
xylose, 28%j mannose, 46%; glucose, 54%; rhamnose, 57%; 
arabinose, 68%; and galactose, 73%. Reasons for differences 
in digestibilities of the cell wall sugars have not been elu­
cidated in this study. Other research has indicated that 
noncarbohydrate cell wall constituents can affect the degrada­
tion of cell wall carbohydrates by rumen microorganisms. 
In conclusion, these data show that a decrease in diges­
tibility of whole alfalfa plants (leaves and stems combined) 
prior to the late-bud stage can be attributed to a decreased 
proportion of leaves and a decrease in stem digestibility. 
After late-bud, decreased whole-plant digestibility is medi­
ated mainly by a decrease in stem digestibility. Changes in 
concentrations of lignin, crude protein, and structural poly­
saccharides and changes in the structural polysaccharide com­
position of alfalfa stems are associated with maturation. 
Those changes are generally less pronounced, as was the change 
in IVDEM, in leaves. Moisture stress did not affect lignin 
concentrations in the cell wall but did affect the structural 
polysaccharide composition of stems as indicated by both 
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gravimetric and GLC procedures. Differences in LSWR, stem 
composition, and stem IVDDM were sometimes observed between 
an upright and a more prostrate cultivar. Although these 
differences were small and apparently affected by soil mois­
ture stress, they do indicate the potential for genetic 
manipulation of these traits. 
The structural polysaccharide composition and degree of 
change with maturation have been characterized in alfalfa 
leaves and stems. A meaningful next step would be to more 
closely study the nutritional significance of changes in 
structural polysaccharide composition with in vivo digestion 
trials. 
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GENERAL DISCUSSION 
Alfalfa is a unique crop in that it has the potential 
to produce high yields of high quality forage, derives a por­
tion of its N through alfalfa-rhizobivun symbiotic N2 fixation, 
and provides an N benefit to subsequent crops in rotations. 
It has long been known that harvesting alfalfa at immature 
stages of growth results in its maximum nutritive value to 
ruminants. Maximum yields and stand persistence, however, 
are obtained by cutting alfalfa at approximately the mid-
flower stage of development. Information regarding the effect 
of cutting schedules on N accumulation is not abundant and not 
conclusive. 
In Part I of this study, it was demonstrated that dry 
matter yields, N concentrations, and N yields of alfalfa 
roots, crowns, and forage were affected by cutting management 
and cultivar. Accumulated 2-year forage, root (top 25 cm), 
and crown yields and N yields of these plant components were 
favored by cutting winter-dormant alfalfa each time it reached 
the mid-flower stage as compared to cutting at the bud, first-
flower, or early-pod stages. But cutting alfalfa at first-
flower has commonly been recommended because it has given good 
results with respect to forage yield, nutritive value, and 
stand persistence. In this study, a good compromise for op­
timizing yield and nutritive value (as indicated by IVDDM and 
N concentrations) was obtained by harvesting at the first-
145 
flower stage. Lowest levels of plow-down N (N in roots, 
crowns, and stubble) were also obtained by cutting the al­
falfa each time it reached the first-flower stage. Thus, it 
was seen that the amount of N that would potentially be in­
corporated into the soil for use by subsequent crops was af­
fected by harvest schedule. 
It was hypothesized that root and crown dry matter and 
N yields of root-proliferating cultivars would be greater 
than those of normal tap-rooted cultivars. This, however, 
was not the case. Root and crown dry matter and N yields were 
lower in Spredor 2, a root-proliferating cultivar, than in 
Travois, Vernal, or Tempo. 
Winter-dormant alfalfa accumulated 910 kg ha ^ N in the 
forage, stubble, crowns, and upper 25 cm of roots over a 2-
year period under the mid-flower cutting management. In this 
study, symbiotically fixed and soil-derived N were not differ­
entiated; however, recent Minnesota data (Heichel, 1982b) show 
that 40 to 60% of alfalfa N can be expected to be obtained 
through symbiotic fixation. Assuming that 60% or 546 kg of 
the 910 kg ha ^ was symbiotically fixed, more than 364 kg N 
would have to be returned to the soil to end up with a net 
gain of N in the soil. In the study reported here, it is 
unlikely that the 115 kg N accounted for in the stubble, 
crowns, and upper 25 cm of roots plus the N contained in un-
recovered roots and fallen leaves would total 364 kg. 
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Despite the probability that a net gain in soil N was 
not realized by plowing down the roots, crowns, and stubble 
of alfalfa produced according to any of the managements used 
in this study, rotation studies have demonstrated that an N 
benefit to the following nonlegume crop should be expected. 
A long-term rotation study reported by Voss and Shrader (1979) 
demonstrated that alfalfa meadow plowed after 2 years of pro­
duction will replace 150 kg ha ^ N fertilizer for a subsequent 
corn crop. This N benefit need not be due to added N, but 
rather could be due to a change in the availability of soil N 
to plants. Considering that much of Iowa's farmland contains 
4,000 to 8,000 kg ha ^ N tied up in organic matter in the plow 
layer, a small change in the rate of mineralization would have 
marked effects on N availability. The nature of the legume N 
benefit to nonlegumes needs further investigation. 
Nonwinter-dormant alfalfa forage yields were about half 
those obtained from the perennial winter-dormant cultivars. 
Concentrations of IVDDM were similar for nonwinter-dormant and 
winter-dormant cultivars at similar maturities. Single season 
root N yields approached those of 2-year-old winter-dormant 
alfalfa. Cutting management had neither a large nor consis­
tent effect on most of the traits measured in this study. Be­
cause of below normal precipitation during both seasons of 
this study, conditions were less than ideal for the evaluation 
of nonwinter-dormant alfalfa as an annual crop. 
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An N tally for nonwinter-dormant alfalfa averaged over 
all cutting managements shows an accumulation of 236 kg ha~^ 
N in forage, stubble, crowns, and roots. Again, assuming that 
50% of this N was symbiotically fixed, 94 kg ha~^ must be re­
turned to the soil to obtain a net N flux of 0. Very close to 
this amount of N was contained in the recovered roots, crowns, 
and stubble. 
The benefits of crop rotation can be realized by corn 
after a single year of alfalfa production (Voss and Shrader, 
1979). The advantages of using a nonwinter-dormant alfalfa 
in such short rotations are that, besides fast regrowth, they 
continue to produce forage and fix N into October. Whether 
it can be cost effective to grow alfalfa as an annual crop in 
Iowa is uncertain. Establishment costs must be amortized 
over a single year rather than several years, seasonal yields 
are half those obtained from perennial stands, and yields 
of individual harvests are relatively low, resulting 
in greater harvest costs per unit of forage. 
In Part II of this research, the effects of stem growth 
habit and maturity on several parameters of alfalfa forage 
quality were studied. As was expected, a decrease in the 
leaf;stem weight ratio was observed with increasing maturity 
in both Spredor 2, a semiprostrate cultivar, and Tempo, an 
erect-growing cultivar. Cultivar differences were not ob­
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served in a season with normal precipitation. In both seasons, 
the majority of change occurred by the early flower stage. 
Biological and chemical analyses of alfalfa leaves re­
vealed little or no effect of maturity or cultivar on their 
nutritive value other than a 30% decrease in crude protein 
concentration with maturity. As judged by these analyses, al­
falfa leaves were always of greater forage quality than stems. 
Stems decreased markedly in IVDEM concentration with ad­
vancing maturity of alfalfa from the vegetative to the first-
flower stage. This change was associated with increased con­
centrations of CWC, ADF, and lignin. Crude protein concentra­
tions steadily declined in alfalfa stems from the vegetative 
to the early-pod stage of development. In a season with 
limiting soil moisture, stems of Spredor 2 were of higher for­
age quality than stems of Tempo, as indicated by laboratory 
analyses. There were no differences in stem chemical composi­
tion between cultivars in a season with normal precipitation. 
The neutral sugar composition of the structural polysac­
charides of alfalfa stems and leaves was determined at several 
maturities. The predominant neutral sugars detected were glu­
cose, xylose, arabinose, galactose, mannose, and rhamnose. 
In stems, total neutral sugar concentrations increased 
by 50% and their monomer compositions changed with maturation 
from the vegetative to early-pod stage. Glucose and xylose 
increased, arabinose and galactose decreased, and mannose and 
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rhamnose remained constant with respect to their proportions 
of the neutral sugars. A doubling of the xylose:arabinose 
ratio was also observed with increasing maturity. 
The concentration of nonglucose sugars was greater in 
leaf than in stem structural polysaccharides. Total neutral 
sugar concentrations and monomer composition remained fairly 
constant in leaves with changing maturity. 
Analysis of the iji vitro residue of alfalfa stems re­
vealed that the neutral sugars were degraded to varying ex­
tents by rumen microorganisms. Xylose and glucose, sugars 
that increased in concentration with maturity, were among the 
most resistant sugars to degradation. Galactose and arabinose, 
sugars that decreased in concentration with advancing maturity, 
were the two most extensively degraded sugars. 
The structural polysaccharides of forages are an impor­
tant source of energy to ruminants. A better understanding of 
structural polysaccharide composition may provide new insights 
for breeding programs to increase carbohydrate availability. 
It is unlikely that the sugar composition of individual cell 
walls can be altered through breeding; however, the possibility 
exists that the sugar composition of whole plants or organs 
can be altered by selecting for various tissue types. 
Only small changes in monomer composition of the struc­
tural polysaccharides of alfalfa stems were observed after 
alfalfa reached the first-flower stage, Lignin concentrations 
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in the cell walls, however, continued to increase. An in vivo 
study of the effect of this increasing lignin concentration 
on the rate and extent of degradation of the monomers compris­
ing the structural polysaccharides would provide valuable in­
formation on the significance of cell wall composition to 
ruminant nutrition. 
151 
LITERATURE CITED 
Akin, D. E. 1979. Cell wall research to determine forage 
quality. p. 29-38. Proc. American Forage and Grass­
land Conference, American Forage and Grassland Council, 
Lexington, Kentucky. 
Akin, D. E., D. Burdick, and G. E. Michaels. 1974. Rumen 
bacterial interrelationships with plant tissue during 
degradation revealed by transmission electron microscopy. 
Appl, Microbiol. 27: 1149-1156. 
Akin, D. E., H. E. Amos, F. E. Barton II, and D. Burdic. 1973. 
Rumen microbial degradation of grass tissue revealed by 
scanning electron microscopy. Agron. J. 65: 825-828. 
Akin, p. E., E. L. Robinson, F. E. Barton II, and D. S. 
Himmelsbach. 1977. Changes with maturity in anatomy, 
histochemistry, chemistry, and tissue digestibility of 
bermudagrass plant parts. J. Agric. Food Chem. 25: 
179-186. 
Albersheim, P. 1976. The primary cell wall. p. 225-274. 
In J. Bonner and J. E. Varner (eds.) Plant biochemistry. 
Academic Press, New York. 
Albersheim, P., D. J. Nevins, P. D. English, and A. Karr. 
1967. À method for the analysis of sugars in plant cell 
wall polysaccharides by gas-liquid chromatography. 
Carbohyd. Res. 5: 340-345. 
Aman, P., and E. Nordkvist. 1983. Chemical composition and 
in vitro degradability of botanical fractions of cereal 
straw. Swedish J. Agric. Res. 13: 61-68. 
Bacon, J.S.D., A. H. Gordon, and J. E. Morris. 1975. Acetyl 
groups in cell wall préparations from higher plants. 
Biochem. J. 149: 485-487. 
Bailey, R. W. 1967. Loss of ingested plant carbohydrates 
from the reticulo-rumen. N. Z. J. Agric. Res. 10: 15-32. 
Bailey, R. W. 1973. Structural carbohydrates. p. 157-211. 
In G. W. Butler and R. W. Bailey (eds.) Chemistry and 
biochemistry of herbage. Academic Press, Inc., London. 
Bailey, R. W., R. M. Allison, K. F. O'Connor. 1971. Protein 
and carbohydrate composition of lucerne grown in Canber-
bury. Proc. N.Z. Grassld. Assoc. 32: 127-136. 
152 
Barnes, G. 1980. Crop rotation vs. monoculture: Insect con­
trol. Crops and Soils 32(4): 15-17. 
Barnes, R. F., and C. H. Gordon. 1972. Feeding value and 
on farm feeding. ^ C. H. Hanson (ed.) Alfalfa science 
and technology. Agronomy 15: 501-630. American Society 
of Agronomy, Madison, Wisconsin. 
Barta, A. L. 1982. Response of symbiotic N2 fixation and 
assimilate partitioning to K supply in alfalfa. Crop Sci. 
22; 89-92. 
Bohl, W. H. 1981. Dinitrogen (C2H2) fixation, total plant 
yield, and total nitrogen percentage in alfalfa (Medicaqo 
sativa L.) as affected by plant density, cutting manage­
ment, and cultivar. Unpublished Ph.D. dissertation. 
Library, Iowa State University, Ames, Iowa. 
Brazle, F. K., and L. H. Harbers. 1977. Digestion of alfalfa 
hay observed by scanning electron microscopy. J. Anim. 
Sci. 46: 506-512. 
Brice, R. E., and I. M. Morrison. 1982. The degradation of 
isolated hemicellulose and lignin-hemicellulose complexes 
by cell-free rumen cellulases. Carbohyd. Res. 101: 93-
100. 
Bremner, J. M. 1965. Total nitrogen. In C. A. Black (ed.) 
Methods of soil analysis. Part II. Agronomy 9: 1149-
1178. American Society of Agronomy, Madison, Wisconsin. 
Bula, R. J., and M. A. Massengale. 1972. Environmental physi­
ology. In C. H. Hanson (ed.) Alfalfa science and tech­
nology. Agronomy 15: 167-184. American Society of 
Agronomy, Madison, Wisconsin. 
Burns, R. C., and R. W. Hardy. 1975. Nitrogen fixation in 
bacteria and higher plants. Springer-Verlag, New York. 
Burton, J. C. 1972. Modulation and symbiotic nitrogen fixa­
tion. In C. H. Hanson (ed.) Alfalfa science and tech­
nology. Agronomy 15: 229-246. American Society of 
Agronomy, Madison, Wisconsin. 
Butler, G. W., R. M. Greenwood, and Kathleen Soper. 1959. 
Effects of shading and defoliation on the turnover of root 
and nodule tissue of plants of Trifolium repens. Trifolium 
pratense. and Lotus uliqinosus. N.Z, J. Agric. Res. 2: 
415-426. 
153 
Carlton, A. E., C. S. Cooper, R. H. Delaney, A. L. Dobbs, and 
R. F. Eslick. 1958. Growth and forage quality compari­
sons of sainfoin (Onobrychis viciaefolia Scop.) and al­
falfa (Medicaqo sativa L.). Agron. J. 60: 530-632. 
Chesson, A., and J. A. Monro. 1982. Legume pectic substances 
and their degradation in the ovine rumen. J. Sci. Food 
Agric, 33: 852-859. 
Colburn, M. W., and J. L. Evans. 1957. Chemical composition 
of the cell wall constituent and acid detergent fiber 
fractions of forages. J. Dairy Sci. 51: 1130-1135. 
Colburn, M. W., J. L. Evans, and C. H. Ramage. 1968. Inges­
tion control in growing ruminant animals by the compo­
nents of cell wall constituents. J. Dairy Sci. 51; 
1458-1464. 
Collins, M., and D. J. Lang. 1982. Legume growth, nodulation, 
and N2 fixation as influenced by K fertilization. Agron. 
Abstr. 1982; 118. 
Cooper, C. S., and M. Quails. 1967. Morphology and chloro­
phyll content of shade and sun leaves of two legumes. 
Crop Sci. 7: 572-573. 
Cowling, E. B. 1975. Physical and chemical constraints in 
the hydrolysis of cellulose and lignocellulose materials. 
Biotechnol. Bioeng. Symp. 5; 163-181. 
Curl, E. A. 1953. Control of plant diseases by crop rota­
tion. Bot. Rev. 29: 413-479. 
Dawson, J. R., D. V. Kopland, and R. R. Graves. 1940. Yield, 
chemical composition, and feeding value for milk produc­
tion of alfalfa hay cut at three stages of maturity. 
USDA Tech. Bull. 739. 
Duke, S. H., M. Collins, and R. M. Soberalske. 1980. Effects 
of potassium fertilization on nitrogen fixation and nodule 
enzymes of nitrogen metabolism in alfalfa. Crop Sci. 
20: 213-219. 
Elliott, F. C., I. J. Johnson, and M. H. Schonhorst. 1972. 
Breeding for forage yield and quality. 2D C. H. Hanson 
(ed.) Alfalfa science and technology. Agronomy 15: 319-
333. American Society of Agronomy, Madison, Wisconsin. 
154 
Esau, K. 1977. Anatomy of seed plants. . 2nd edition. John 
Wiley and Sons, Inc., New York. 
Fahey, G. C., Jr., G. A. McLaren, and J. E. Williams. 1978. 
Hemicellulose digestion by lambs as affected by activa­
tion energy between lignin and hemicellulose. Nutr. 
Repts. Internat. 18; 281-287. 
Fahn, A. 1974. Plant anatomy. Second edition, Pergamon 
Press, New York. 
Ferebee, D. B., D. 0. Erickson, C. N. Haugse, K. L. Larson, 
and M. L. Buchanan. 1972. Digestibility and chemical 
composition of brome and alfalfa throughout the growing 
season. North Dakota Farm Res. 30: 3-7. 
Fick, G. W., and R. S. Holthausen. 1975. Significance of 
parts other than blades and stems in leaf-stem separa­
tions of alfalfa herbage. Crop Sci. 15: 259-252. 
Fishbeck, K. A., and D. A. Phillips. 1982. Host plant and 
Rhizobium effects on acetylene reduction in alfalfa dur­
ing regrowth. Crop Sci. 22: 251-254. 
Gaillard, B.D.E. 1962. The relationship between the cell 
wall constituents of roughages and the digestibility of 
organic matter. J. Agric. Sci., Camb. 59: 369-373. 
Gengenbach, B. G., and D. A. Miller. 1972. Variation and 
heritability of protein concentration in various alfalfa 
plant parts. Crop Sci. 12: 767-769. 
Gharpuray, M. M., Lee, Y. H., and L. T. Fan. 1983. Struc­
tural modification of lignocellulosics by pretreatments 
to enhance enzymatic hydrolysis. Biotechnol. Bioeng. 
25; 157-172. 
Gibson, A. H. 1977. The influence of the environment and 
managerial practices on the lequme-Rhizobium symbiosis, 
p. 393-450. ^ R.F.W. Hardy and A. H. Gilson (eds.) 
A treatise on dinitrogen fixation. John Wiley and Sons, 
Interscience. New York. 
Goering, H. K., and P. I, Van Soest. 1970. Forage fiber 
analyses (apparatus, reagents, procedures, and some appli­
cations). Agric. Handbook No. 379. USDA, ARS, Washing­
ton, D.C. 
155 
Goplen, B. P., H. Baenziger, L. D. Bailey, A.T.H. Gross, M. R. 
Hanna, R. Michaud, K. W. Richards, and J. Waddington. 
1980. Growing and managing alfalfa in Canada. Agric. 
Canada Publ. 1705. 
Gordon, A. J., and B.D.E. Gaillard. 1976. The relationship 
between lignin and carbohydrate in the hemicellulose A, 
B and C fractions extracted from Lucerne.and wheatstraw 
with alkali. p. 55-55. %n Carbohydrate research in 
plants and animals. Landboushogeschool Misc. Papers 12. 
Wageningen, The Netherlands. 
Graber, L. F., N. T. Nelson, W. A. Luekel, and W. B. Albert. 
1927. Organic food reserves in relation to the growth 
of alfalfa and other perennial herbaceous plants. 
Wisconson Agric. Exp. Stn. Res. Bull. 80. 
Grove, A. R., and G. E. Carlson. 1972. Morphology and 
anatomy. In C. H. Hanson (ed.) Alfalfa science and 
technology. Agronomy 15: 103-122. American Society of 
Agronomy, Madison, Wisconsin. 
Hacker, J. B., and D. J. Minson. 1981. The digestibility of 
plant parts. Herbage Abstr. 51: 459-482. 
Hanson, C. H., and D. K. Barnes. 1973. Alfalfa. p. 135-147. 
In M. E. Heath, D. S. Metcalfe, and R. F. Barnes (eds.) 
Forages; the science of grassland agriculture. The Iowa 
State University Press, Ames, Iowa. 
Harkin, J. M. 1973. Lignin. p. 323-352. In G. W. Butler 
and R. W. Bailey (ed.) Chemistry and biochemistry of 
herbage. Academic Press, Inc., London and New York. 
Hartley, R. D., and E. C. Jones. 1977. Phenolic components 
and degradability of cell walls of grass and legume 
species. J. Sci. Food Agric. 29: 92-98. 
Heichel, G. H. 1978. Stabilizing agricultural energy needs; 
Role of forages, rotations, and nitrogen fixation. J. 
Soil Water Conserv. 33; 279-282. 
Heichel, G. H. 1982a. Energy analyses of forage production 
systems. J. Anim. Sci. 54; 859-875. 
Heichel, G. H. 1982b. Breeding alfalfa for improved nitrogen 
fixation: A physiological perspective. Iowa State J. 
Res. 55; 255-280. 
156 
Heichel, G. H., and D. K. Barnes. 1983. Opportunities for 
meeting crop nitrogen needs from symbiotic nitrogen fixa­
tion. %n J. Power and D. Bezdicek (eds.) Organic farm­
ing: Current technology and its role in a substantial 
agriculture. Am. Soc. Agron. Spec. Publ. (in press). 
American Society of Agronomy, Madison, Wisconsin. 
Heichel, G. H., and C. P. Vance. 1977. Modulation and 
nitrogen nutrition mediate growth and development of al­
falfa seedlings. Agron. Agstr. 1977; 86. 
Heichel, G. H., and C. P. Vance. 1979. Nitrate-N and Rhi-
zobium strain roles in alfalfa seedling nodulation and 
growth. Crop Sci. 19: 512-518. 
Heichel, G. H., D. K. Barnes, and C. P. Vance. 1981. Nitro­
gen fixation by forage legumes and benefits to the crop­
ping system. p. 1-12. ^ Proc. 6th Annual Symposium, 
Minnesota Forage and Grassland Council, St. Paul, Minn. 
Hill, R. R., and R. F. Barnes. 1977. Genetic variability for 
chemical composition of alfalfa. II. Yield and traits 
associated with digestibility. Crop Sci. 17; 948-952. 
Iowa Crop and Livestock Reporting Service. 1983. Iowa agri­
cultural statistics. Iowa Dept. of Agric., Des Moines, 
Iowa. 
Jarvis, R. H. 1962. Studies on lucerne and lucerne-grass 
leys. V. Plant population studies with lucerne. J. 
Agric. Res., Camb. 59: 281-286. 
Jensen, E. H., M. A. Massengale, and D. 0. Chilcote. 1967. 
Environmental effects on growth and quality of alfalfa. 
Nevada Agric. Exp. Stn. Western Regional Res. Publ. T9. 
Jorgensen, N. A., and W. T. Howard. 1981. The role of for­
ages in midwest dairy enterprises during the next ten 
years. In Alfalfa Forum, March 30, 31, and April 1, 1981. 
Madison, Wisconsin. 
Kalu, B. A., and G. W. Fick. 1981. Quantifying morphological 
development of alfalfa for studies of herbage quality. 
Crop Sci. 21; 267-271. 
Kroontje, W., and W. R. Kehr. 1956. Legume top and root 
yields in the year of seeding and subsequent barley yield. 
Agron. J. 48: 127-131. 
157 
Lechtenberg, V. L., D. A. Holt, and H. W. Youngberg. 1971. 
Diurnal variation in nonstructural carbohydrates, in 
vitro digestibility, and leaf to stem ratio of alfalfa. 
Agron., J. 63; 719-724. 
Lindgren, E., O. Theander, and P. Aman. 1980. Chemical com­
position of timothy at different stages of maturity and 
of residues from feeding value determinations. Swedish 
J. Agric. Res. 10: 3-10. 
Lorenz, R. J., R. E. Ries, C. S. Cooper, C. E. Townsend, M. D. 
Rumbaugh. 1982. Alfalfa for dryland grazing. USDA 
Inform. Bull. 444. 
MacRae, J. C. 1971. Quantitative measurement of starch in 
very small amounts of leaf tissue. Planta (Berl.) 96: 
101-108. 
Mannering, J. V., L. D. Meyer, and C. B. Johnson. 1968. 
Effect of cropping intensity on erosion and infiltration. 
Agron. J. 60: 206-209. 
Marten, G. C. 1970. Temperature as a determinant of quality 
of alfalfa harvested by bloom or age criteria. Proc. 
11th Intern. Grassl. Congr. 1970; 506-509. 
Marten, G. C. 1979. Chemical, iji vitro, and nylon bag proce­
dures for evaluating forage in the U.S.A. In J. L. 
Wheeler and R. D. Mochrie (eds.) Forage evaluation; 
Concepts and techniques. American Forage and Grassland 
Council, Lexington, Kentucky. 
Marten, G. C. and R. F. Barnes. 1980. Prediction of energy 
digestibility of forages with jji vitro rumen fermentation 
and fungal enzyme systems. p. 61-71. In Proc. Intern. 
Workshop on Standardization Anal. Method. Feeds, Ottawa, 
Canada. 
Matches, A. G., W. F. Wedin, G. C. Marten, D. Smith, and 
B. R. Baumgardt. 1970. Forage quality of Vernal and 
DuPuits alfalfa harvested by calendar date and plant 
maturity schedules in Missouri, Iowa, Wisconsin, and 
Minnesota. Wisconsin Agric. Exp. Stn. Res. Rpt. 73. 
McNeil, M., P. Albersheim, L. Taiz, and R. L. Jones. 1975. 
The structure of plant cell walls. VII. Barley aleurone 
cells. Plant Physiol. 55; 64-68. 
158 
Minson, D. J. 1981. An Australian view of laboratory tech­
niques for forage evaluation. In J. L. Wheeler and R. D. 
Mochrie (eds.) Forage evaluation: Concepts and tech­
niques. American Forage and Grassland Council, Lexing­
ton, Kentucky. 
Mohrenweiser, H. W., and J. D. Donker. 1968. Forage evalua­
tion. III. Comparison of several methods of evaluating 
two alfalfa hays fed to lactating cows. J. Dairy Sci. 
51; 373-377. 
Mooney, H. A., and S. L. Gulmon. 1982. Constraints on leaf 
structure and function in reference to herbivory. Bio-
Science 32: 198-205. 
Morrison, I. M. 1973. Isolation and analysis of lignin-
carbohydrate complexes from Lolium multiflorum. Phyto-
chem. 12: 2979-2984. 
Morrison, I. M. 1974. Structural investigations on the 
lignin-carbohydrate complexes of Lolium perenne. Biochem. 
J. 139;197-204. 
Morrison, I. M. 1979. Carbohydrate chemistry and rumen di­
gestion. Proc. Nutr. Soc. 38: 269-274. 
Morrison, I. M. 1980. Changes in the lignin and hemicellu-
lose concentrations of ten varieties of temperate grasses 
with increasing maturity. Grass and Forage Sci. 35: 
287-293. 
Mott, G. 0., and J. E. Moore. 1970. Forage evaluation tech­
niques in perspective. ^ R. F. Barnes, D. C. Clanton, 
C. H, Gordon, T. J. Klopfenstein, and D. R. Waldo (eds.) 
Proc. National Conf. Forage Quality Evaluation and 
Utilization, Sept. 3-4, 1969. Nebraska Center for Con­
tinuing Education, Lincoln, Nebraska. 
Mowat, D. N., R. S. Fulkerson, W. E. Tossell, and J. E. Winch, 
1965. The in vitro digestibility and protein content of 
leaf and stem portions of alfalfa. Can. J. Plant Sci. 
45: 321-331. 
Munns, D. N. 1968a. Modulation of Medicaqo sativa in solu­
tion culture. I. Acid-sensitive steps. Plant and Soil 
28: 129-146. 
Munns, D. N. 1968b. Nodulation of Medicaqo sativa in solu­
tion culture. III. Effects of nitrate on root hairs and 
infection. Plant and Soil 29: 257-262. 
159 
Neilson, M. J. , and G. N. Richards. 1978. Chemical struc­
tures in a lignin-carbohydrate complex isolated from the 
bovine rumen. Carbohyd. Res. 104; 121-138. 
Nutman, P. S. 1976. IBP field experiments on nitrogen fixa­
tion by nodulated legumes. p. 211-237. In P. S. Nutman 
(ed.) Symbiotic nitrogen fixation in plants. Cambridge 
University Press, Cambridge. 
Pearce, R. B., G. Fissel, and G. E. Carlson. 1969. Carbon 
uptake and distribution before and after defoliation of 
alfalfa. Crop Sci. 9: 756-759. 
Reis, S. K., V. Wert, C. C. Sweeley, and R. A. Leavitt. 1977. 
Tricontanol: A new naturally occurring growth regulator. 
Science 195: 1339-1341. 
Salmon, S. C., C. O. Swanson, and C. W. McCampbell. 1925. 
Experiments relating to time of cutting alfalfa. Kansas 
Agric. Exp. Stn. Tech. Bull. 15. 
Seetin, M. W., and D. K. Barnes. 1977. Variation among al­
falfa genotypes for rate of acetylene reduction. Crop 
Sci. 17: 783-787. 
Selvendran, R. R., J. F. March, and S. G. Ring. 1979. Deter­
mination of aldoses and uronic acid content of vegetable 
fiber. Anal. Biochem. 96: 282-292. 
Shenk, J. S., and F. C. Elliott. 1971. Plant compositional 
changes resulting from two cycles of directional selec­
tion for nutritive value in alfalfa. Crop Sci. 11: 521-
524. 
Sloneker, J. H. 1971. Determination of cellulose and apparent 
hemicellulose in plant tissue by gas-liquid chromatography. 
Anal. Biochem. 43: 539-546. 
Sloneker, J. H. 1972. Gas-liquid chromatography of alditol 
acetates. Methods Carbohyd. Chem. 6: 20-24. 
Smith, D. 1969. Influence of temperature on the yield and 
chemical composition of Vernal alfalfa at first flower. 
Agron. J. 61: 470-473. 
Smith, D. 1970. Yield and chemical composition of leaves 
and stems of alfalfa at intervals up the shoots. J. 
Agric. Food Chem. 18: 652-656. 
160 
Smith, D. 1972. Cutting schedules and maintaining pure 
stands. ^ C. H. Hanson (ed.) Alfalfa science and 
technology. Agronomy 15: 481-496. American Society 
of Agronomy, Madison, Wisconsin. 
Smith, D. 1981a. Forage management in the north. Kendall/ 
Hunt Publishing Co., Dubuque, Iowa. 
Smith, D. 1981b. Removing and analyzing total nonstructural 
carbohydrates from plant tissue. Wisconsin Agric. Exp. 
Stn. Bull. R2107. 
Smith, D., and C. J. Nelson. 1967. Growth of birdsfoot tre­
foil and alfalfa. I. Response to height and frequency of 
cutting. Crop Sci. 7: 130-133. 
Smith, D., and J. P. Silva. 1969. Use of carbohydrate and 
nitrogen root reserves in the regrowth of alfalfa from 
greenhouse experiments under light and dark conditions. 
Crop Sci. 9: 464-467. 
Smith, L. W., H. K. Goering, D. R. Waldo, and C. H. Gordon. 
1971. 2D vitro digestion rate of forage cell wall compo­
nents. J. Dairy Sci. 54: 71-76. 
Snaydon, R. W. 1972. The effect of total water supply, and 
of frequency of application, upon Lucerne. II. Chemical 
composition. Aust. J. Agric. Res. 23: 253-256. 
Stone, J. E., A. M. Scallan, E. Donefer, and E. Ahlgren. 
1969. Digestibility as a simple function of a molecule 
of similar size to a cellulase enzyme. Adv. Chem. Ser. 
95: 219-241. 
Swardeker, J. S., J. H. Sloneker, and A. Jeanes. 1965. Quan­
titative determination of monosaccharides as their aldi-
tol acetates by gas-liquid chromatography. Anal. Chem. 
37: 1602-1604 
Talmadge, K. W., K. Keegstra, W. D. Bauer, and P. Albersheim. 
1973. The structure of plant cell walls. I. The macro-
molecular components of the walls of suspension-cultured 
sycamore cells with a detailed analysis of the pectic 
polysaccharides. Plant Physiol. 51: 158-173. 
Tanner, G. R., and I. M. Morrison. 1983. The effect of 
saponification, reduction, and mild acid hydrolysis on 
the cell walls and cellulose treated cell walls of Lolium 
perenne. J. Sci. Food Agric. 34: 137-144. 
161 
Terry, R. A., and J.M.A. Tilley. 1964. The digestibility of 
the leaves and stems of perennial ryegrass, cocksfoot, 
timothy, tall fescue, lucerne, and sainfoin as measured 
by an jji vitro procedure. J. Br. Grassl. Soc. 19: 363-
372. 
Theander, 0., and P. Aman. 1977. The chemistry of fibre com­
ponents of forage and their determination. p. 1-26. %n 
P. G. Knutsson (ed.) Quality of forage. Inst. fOr 
Husdjurens Utfodring ochvard. Rapport nr 54. 
Theander, 0., and P. Aman. 1979a. The chemistry, morphology, 
and analysis of dietary fiber components. G. E. 
Inglett and S. I. Falkenhag (eds.) Dietary fibers; 
Chemistry and nutrition. Academic Press, New York. 
Theander, 0., and P. Aman. 1979b. Studies on dietary fibres. 
1. Analysis and chemical characterization of water-soluble 
and water-insoluble dietary fibers. Swedish J. Agric. 
Res. 9; 97^106. 
Theander, 0., and P. Aman. 1980. Chemical composition of 
some forages and various residues from feeding value de­
terminations. J. Sci. Food Agric. 31: 31-37. 
Theander, O., and P. Aman. 1981. Acetyl and phenolic acid 
substituents in timothy of different maturity and after 
digestion with rumen microorganisms or a commercial 
cellulose. Agriculture and Environment 6: 127-133. 
Theander, 0., and P. Aman. 1982. Studies on dietary fibre. 
A method for the analysis and chemical characterisation 
of total dietary fibre. J. Sci. Food Agric. 33: 340-344. 
U.S. Department of Agriculture. 1980. Report and recommenda­
tions on organic farming. U.S. Government Printing 
Office, Washington, D.C. 
Vance, C. P., G. H. Heichel, D. K. Barnes, J. W. Bryan, and 
L. E. Johnson. 1979. Nitrogen fixation, nodule devel­
opment, and vegetative regrowth of alfalfa (Medicaqo 
sativa L.) following harvest. Plant Physiol. 64: 1-8. 
Vance, C. P., L.E.B. Johnson, A. M. Halvorsen, G. H. Heichel, 
and D. K. Barnes. 1980. . Histological and ultrastructural 
observations of Medicaqo sativa root nodule senescence 
after foliage removal. Can. J. Bot. 58: 295-309. 
162 
Van Soest, P. J. 1981. Limiting factors in plant residues of 
low biodegradability. Agriculture and Environment 6; 
135-143. 
Van Soest, P. J. 1982. Nutritional ecology of the ruminant. 
0 & B Books, Inc., Corvallis, Oregon. 
Van Soest, P. J., and L.H.P. Jones. 1968. Effect of silica 
in forages upon digestibility. J. Dairy Sci. 51: 1644-
1648. 
Van Soest, P. J., and J. B. Robertson. 1980. Systems of 
analysis for evaluating fibrous feeds. p. 49-60. In 
Proc. Intern. Workshop on Standardization Anal. Method, 
Feeds. IDRC-134e, Ottawa, Canada. 
Viands, D. R., D. K. Barnes, and G. H. Heichel. 1981. Nitro­
gen fixation in alfalfa—responses to bidirectional se­
lection for associated characteristics. USDA Tech. 
Bull. 1643. 
Vough, L. R., and G. C. Marten. 1971. Influence of soil 
moisture and ambient temperature on yield and quality of 
alfalfa forage. Agron. J. 63: 40-42. 
Voss, R. D,, and W. D. Shrader. 1979. Crop rotations: Effect 
on yields and response to nitrogen. Iowa Coop. Ext. 
Serv. Pm-905. 
Wedin, W. F. 1978. The importance of alfalfa in the corn 
belt. p. 4-8. ^ Eighth Annual Alfalfa Symposium, 
March 7-8, 1978, Bloomington, Minnesota. 
West, C. P. 1981. Nitrogen use efficiency of legume-grass 
and grass pastures. Unpublished Ph.D. dissertation. 
Library, Iowa State University, Ames, Iowa. 
Walgenbach, R. P., G. C. Marten, and G. R. Blake. 1981. Re­
lease of soluble protein and nitrogen in alfalfa. I. 
Influence of growth temperature and soil moisture. Crop 
Sci. 21: 843-849. 
Wilkie, K.C.B. 1979. The hemicellulose of grasses and 
cereals. Adv. Carbohyd. Chem. Biochem. 36: 215-264. 
Wilson, J. R. 1983. Effects of water stress on herbage 
quality. XIV Intern. Grassl. Congr. 14: 470-472. 
163 
Wischmeir, W. H. 1960. Cropping-management factor evalua­
tions for a Universal Soil-Loss Equation. Soil Sci. 
Soc. Am. Proc. 24; 322-326. 
154 
ACKNOWLE DGMENTS 
I take this opportunity to express my sincere gratitude 
to Professor Walter F. Wedin for his sound guidance, support, 
and encouragement during the course of my doctoral program. 
I am also grateful to Drs. Irvin C. Anderson, Dwayne R. 
Buxton, and James R. Russell for their counsel on innumerable 
matters. 
The expert field and laboratory assistance provided by 
Trish Patrick and Mohamed Baksh is acknowledged and appreciated. 
My deepest appreciation is extended to my wife. Colleen, 
for her patience, understanding, and encouragement during the 
course of my graduate program. 
165 
APPENDIX 
166 
Table Al. Monthly total precipitation (Ppt) and departures 
(Dep) from normal at the Agronomy and Agricultural 
Engineering Research Center, Boone County, Iowa 
1979 1980 1981 1982 
Month Ppt Dep Ppt Dep Ppt Dep Ppt Dep 
mm' 
J anuary 29  7 0 -22 47 25 
February 8 -14 17 -5 11 -11 
March 11 -41 14 -38 75 23 
April 30 -50 47 -33 70 -11 
May 73 -41 25 -89 155 41 
June 100 -47 104 -43 67 -80 
July 103 16 51 -36 101 14 
August 126 34 137 45 147 54 
September 65 -19 38 -45 61 -22 
October 98 42 36 -20 42 -13 
November 50 21 10 -19 58 29 
December 6 -18 5 -19 19 -5 
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Table A2. Monthly mean temperatures (Avg) and departures 
(Dep) from normal at the Agronomy and Agricultural 
Engineering Research Center, Boone County, Iowa 
1979 1980 1981 1982 
Month Avg Dep Avg Dep Avg Dep Avg Dep 
January -6.2 1.1 -4.3 2.9 -13.2 -5.9 
February -6. 6 -2.1 -1.5 3.0 -6.4 -1.9 
March 0.8 -0.2 5.3 4.3 1.1 0.1 
April 10.7 1.1 13.3 3.6 7.4 -2.2 
May 17.1 1.3 15.1 -0.7 17.2 1.4 
June 20.9 0.1 22.1 1.3 18.6 -2 .3  
July 22.4 -0.7 24.8 1.7 23.4 0.3 
August 22.1 -0.2 23 .2  1.0 21.1 -1.1 
September 18.4 1.1 18.9 1.6 17.9 0.6 
October 11. 3 -0.6 9.6 -2.4 9.8 -2.1 
November 2.3 -0.6 4.4 1.5 4.8 1.9 
December -0.9 3.3 -3.6 0.7 -5.0 -0.8 
Table A3. Forage dry matter yields of alfalfa as affected by harvest schedule 
and entry, 1980 
Cutting Harvest ' 
management no. Spredor 2 Travois Vernal Tempo MnUC-Cargo UC-Cargo 
mt ha~^ 
Bud 1 1.76 1.61 2.12 1.74 0.97 0.79 
2 2.67 2.43 2.71 2.55 1.43 1.26 
3 2.25 2.44 2.57 2.64 1.67 1.67 
4 2.21 2.22 2.33 2.52 1.12 1.26 
5 0.93 1.49 1.44 1.75 — — 
First-flower 1 2.84 2.17 3.12 3.02 1.05 0.69 
2 2.98 2.89 3. 32 3.54 1.47 1.35 
3 2.17 2.33 2.48 2.68 2.18 2.23 
4 2.40 2.79 2.91 3.11 1.10 1.01 
Mid-flower 1 4.46 4.16 5.09 3.64 1.03 0.81 
2 4.72 5.18 5.51 5.02 1.66 1.44 
3 2.59 3.14 2.96 3.11 2.07 1.93 
4 1.03 1.74 1.74 1.92 0.80 0.83 
Early-pod 1 5.41 5.20 5.63 5.52 1.00 0.63 
2 3.93 4.27 4.79 4.91 1.66 1.61 
3 2.77 2.83 2.94 3.44 2.09 1.92 
Table A4. Forage dry matter yields of alfalfa as affected by harvest schedule 
and entry, 1981 
Cutting Harvest ^ 
management no. Spredor 2 Travois Vernal Tempo MriUC-Cargo UC-Cargo 
mt ha ^ 
Bud 1 3.22 3.11 3.45 3.23 0.74 0.65 
2 1.89 2.45 2.28 2.48 1.50 1.40 
3 1.51 1.82 1.74 1.88 2.22 2.04 
4 1.43 1.96 1.64 2.00 1.30 1.29 
5 0.69 1.05 0.91 1.18 — -
First-flower 1 4.58 4.53 4.75 4.54 0.52 0.55 
2 2.02 2.60 2.50 2.75 2.07 1.77 
3 1.42 2.09 1.87 2.21 1.69 1.75 
4 1.85 2.33 2.33 2.24 0.56 0.74 
5 0.20 0.73 0.63 1.33 - -
Mid-flower 1 5.01 4.93 5.37 4.97 0.51 0.41 
2 2.72 3.21 3.02 2.93 2.30 2.10 
3 2.50 3.18 3.06 3.03 1.23 1. 33 
4 1.11 1.38 1.54 1.53 - -
Early-pod 1 5.10 5.53 5.41 5.24 0.54 0.52 
2 3.68 4.29 4.24 4.63 2.58 2.62 
3 2.07 2. 38 2.46 2.96 1.08 1.38 
4 0.41 1. 34 1.17 1.66 - -
Table A5. IVDDM concentrations of alfalfa as affected by harvest schedule 
and entry, 1980 
Cutting Harvest MnUC- UC-
management no. Spredor 2 Travois Vernal Tempo Cargo Cargo 
g Kg 
Bud 1 778 768 765 755 761 755 
2 738 717 726 717 705 709 
3 714 693 686 693 695 678 
4 724 697 699 683 746 737 
5 742 711 718 701 - -
First-flower 1 715 708 698 691 761 755 
2 716 698 686 682 701 706 
3 703 673 686 661 699 699 
4 721 680 682 676 754 744 
Mid-flower 1 685 686 674 689 751 741 
2 685 646 652 649 715 712 
3 686 655 679 656 693 707 
4 751 715 729 680 770 759 
Early-pod 1 660 645 640 630 751 741 
2 659 641 638 625 679 572 
3 679 665 659 638 680 680 
Table A6. IVDEM concentrations of alfalfa as affected by harvest schedule 
and entry, 1981 
Entry 
Cutting Harvest MnUC- UC-
management no. Spredor 2 Travois Vernal Tempo Cargo Cargo 
g Kg 
Bud 1 744 717 712 704 730 732 
2 717 675 682 676 708 705 
3 739 702 714 699 665 657 
4 710 681 699 678 757 740 
5 675 640 660 634 - -
First-flower 1 706 669 666 668 730 732 
2 729 692 707 689 714 705 
3 705 677 685 666 640 644 
4 672 662 655 655 794 797 
5 624 741 734 751 - -
Mid-flower 1 648 626 615 626 730 732 
2 799 666 689 687 684 689 
3 691 654 653 670 676 674 
4 609 616 580 569 - -
Early-pod 1 614 609 607 599 732 730 
2 649 630 634 628 640 646 
3 664 630 639 628 684 685 
4 720 744 753 706 — — 
Table h i .  Nitrogen concentrations of alfalfa as affected by harvest schedule 
and entry, 1980 
Entry 
Cutting Harvest MnUC- UC-
management no. Spredor 2 Travois Vernal Tempo Cargo Cargo 
g K.g -
Bud 1 34 34 34 34 29 29 
2 38 33 37 34 35 34 
3 37 32 35 32 37 36 
4 40 36 37 35 41 39 
5 39 35 36 35 - -
First-flower 1 32 28 30 29 29 29 
2 32 28 31 28 35 34 
3 40 36 37 34 34 33 
4 37 36 33 31 40 38 
Mid-flower 1 30 29 29 30 29 29 
2 32 29 30 29 33 33 
3 38 33 35 32 34 35 
4 39 34 35 33 43 42 
Early-pod 1 27 26 26 27 29 29 
2 31 28 28 27 34 33 
3 34 32 31 30 32 32 
Table A8. Nitrogen concentrations of alfalfa as affected by harvest schedule 
and entry, 1981 
Entry 
Cutting Harvest MnUC- UC-
management no. Spredor 2 Travois Vernal Tempo Cargo Cargo 
g Kg 
Bud 1 39 37 37 37 33 32 
2 35 30 31 31 35 34 
3 43 37 39 37 33 31 
4 41 36 37 35 40 38 
5 31 26 29 28 - -
First-flower 1 39 33 35 33 32 29 
2 39 33 36 34 34 31 
3 36 32 34 33 32 32 
4 32 31 31 32 56 54 
5 34 40 41 39 - -
Mid-flower 1 26 25 24 25 31 31 
2 37 32 34 33 29 29 
3 35 31 33 33 33 32 
4 25 22 22 22 - -
Early-pod 1 24 22 23 22 35 31 
2 28 27 27 27 28 27 
3 34 29 32 30 34 33 
4 40 38 39 37 — — 
